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Abstract 
Falls and fall-related injuries are among the most common, serious, and medically-
expensive problems facing the growing older population.  Regular physical activity 
has been proposed to reduce falls, but no research has examined the efficacy of 
compliance with official recommended amounts of physical activity over the adult 
life-course and falls in community dwelling older adults.  From the development and 
implementation of a new questionnaire to assess guideline related lifetime physical 
activity levels and falls history  with a sample of 314 community-dwelling older 
adults, it was identified that lifetime adherence to the 2004 Department of Health 
physical activity guidelines offered no protective benefit for reduction in falls, fear of 
falling or fall outcome. 
 
A sub-sample of the 314 participants was then invited to participate in three 
laboratory investigations.  Biomechanical measures of stability were utilised in 
studies investigating quiet standing, straight line walking and performing a 360º 
standing turn with groups of young adults (n = 15), older non-fallers (n = 15), older 
single fallers (max n = 13) and older multiple fallers (n = 14).  During standing, 
young adults placed their centre of mass (COM) anterior to their centre of pressure 
(COP), whilst older adults primarily placed their COM posterior to their COP.  There 
were no differences between faller groups and it was therefore concluded that quiet 
standing was not a challenging enough task to differentiate faller status.  During 
walking, multiple fallers displayed greater COM-COP separation than the non-fallers 
and single fallers, and greater COM acceleration than the non-fallers at heel strike in 
the antero-posterior direction thus identifying both measures as capable of 
 i
differentiating between faller status groups in similar populations.  At the initiation of 
the 360º standing turn, multiple fallers demonstrated a significantly shorter latency 
between reorientation onset of the thorax and the pelvis compared to all the other 
groups and thus exhibited a more en-bloc strategy of turning.  Therefore, the onset of 
body segment reorientation was identified as capable of differentiating between fallers 
and non-fallers in otherwise healthy, community dwelling older adults. 
 
Discussion of and conclusions drawn from the findings of the four empirical studies 
identify the need for future research to identify more appropriate falls-related physical 
activity recommendations for public health messages for adults, and recommend the 
use of biomechanical variables such as COM-COP separation, COM acceleration and 
the assessment of segment reorientation in future falls-related research and as 
outcome measures for the efficacy of physical activity intervention programmes for 
fall prevention. 
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List of Definitions 
 
 
Physical activity – any bodily movement produced by skeletal muscles that results in 
energy expenditure (Caspersen et al.  1985). 
 
Exercise – physical activity that is planned, structured and repetitive with the aim to 
improve or maintain one or more components of physical fitness (Caspersen et al.  
1985).  Exercise is, therefore, a subset of physical activity and is incorporated under 
physical activity in this thesis. 
 
Moderate intensity – any physical activity with an energy cost of 3-6 metabolic 
equivalents (Pate et al.  1995). 
 
Fall – a loss of balance resulting in the body, or part of the body, coming to rest on the 
ground (Nowalk et al.  2001; Jensen et al.  2002). 
 
Non-faller – a participant who did not report any falls on their questionnaire response.  
Participants who later took part in the laboratory testing were asked whether they had 
any falls between completing the questionnaire and testing to check whether they 
were still eligible for this group. 
 
Single faller – a participant who reported one fall on their questionnaire response.  
Participants who later took part in the laboratory testing were asked whether they had 
any falls between completing the questionnaire and testing to check whether they 
were still eligible for this group. 
 
Multiple faller – a participant who reported more than one fall on their questionnaire 
response. 
 
Centre of mass (COM) – the point equivalent of the total body mass in the global 
reference system (Winter, 1995b) 
 
Centre of pressure (COP) – the point location of the ground reaction force vector and 
representative of a weighted average of all the pressures over the surface of area in 
contact with the ground (Winter, 1995a). 
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Chapter 1: Introduction 
 
1.1 Rationale 
The older adult population is rapidly increasing all over the World, particularly in 
developed nations.  There was an increase in those of pensionable age from 18.3 to 
18.7% of the population in England and Wales between 1985 and 2005, and this is 
predicted to rise to 23.9% by 2025 (Office for National Statistics, 2006).  Statistics 
from Australia show the annual growth rate of those aged 60-99 years old over the 
last 45 years has been 2.1% (Richmond, 2008), and the number of people aged 65 
years and over in the USA is estimated to reach 70 million by the year 2030 (Mazzeo 
et al.  1998).  As a result of these increases in the ageing population and with 
increased life expectancy of  retirees (WHO Regional Office for Europe, 2008), the 
importance of maintaining mobility has become ever more critical (Winter, 1995a). 
 
Falls and fall-related injuries are among the most serious and common medical 
problems experienced by the older population.  In a 12-month period during 1999, 
there were over 640 000 attendances at hospital accident and emergency departments 
by people aged 60 and over in the UK, with over 200 000 of these leading to hospital 
admission and over 4800 fatalities (Scuffham et al.  2003).  These figures are only 
representative of those seeking hospital treatment, and approximately one-third of 
community-dwelling people aged 65 and over have been reported to fall at least once 
a year (Tinetti et al.  1988), with women appearing more likely than men to have a 
fall (de Rekeneire et al.  2003).  In non-fatal falls, almost half of all fallers are unable 
to get up without help (Tinetti et al.  1993), and nearly one-third of falls in community 
dwelling older adults have been reported to produce pain lasting for 2 or more days 
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(Berg et al.  1997).  With an increasing ageing population, these statistics signify a 
major concern for health professionals. 
 
The total cost of falls in the UK population aged 60 and over in 1999 was £981 
million; 59% of this was incurred by the National Health Service and the remainder 
by the Personal Social Services for long term care (Scuffham et al.  2003).  This 
represents a considerable economic impact of falls in older persons.  Based on year 
2000 prices, the cost per 10 000 population in the 60-64 age group was £300 000, 
increasing to £1 500 000 in the 75 and over age group (Scuffham et al.  2003).  This is 
the most recent data published on the costs of falls in the UK, but with inflation it can 
be assumed that this financial cost has increased each year. 
 
A 5% fracture rate has been observed as an outcome of falling (Berg et al.  1997) and 
one of the most serious outcomes of a fall is a hip fracture (Hayes et al.  1996).  
Although hip fracture only occurs in about 1% of falls (Tinetti et al.  1988), over 90% 
of hip fractures are associated with falls (Grisso et al.  1991).  Approximately 40% of 
hip fractures occur from a fall during walking with a further 18% occurring from a 
fall during turning (Nevitt and Cummings, 1993).  A six- to sevenfold increase in the 
risk of death has also been observed in male hip fracture cases compared with 
population controls, with the majority of deaths occurring in the first year after 
fracture (Pande et al.  2006).  This mortality rate increased with increasing age with 
100% survival reported if the hip fracture occurred in the 5th decade, but dropping to 
50% survival if the fracture occurred in the 7th decade.  There were also significant 
reductions in function, with only 36% of patients being able to walk independently 12 
months after fracture (Pande et al.  2006). 
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 Falls that do not result in physical injury can still have serious consequences.  The 
loss of confidence in mobility tasks and fear of falling are commonly reported in older 
people (Hill et al.  1996), with 43% of community-dwelling older adults reporting a 
fear of falling (Tinetti et al.  1994).  In a study conducted in Australia, older women 
were prepared to trade off considerable length of life to avoid the reduction in the 
quality of life that is associated with a bad hip fracture (Salkeld et al.  2000).  Most 
noticeably, 80% of the respondents stated they would rather be dead than experience 
the loss of independence and quality of life that could result from a bad hip fracture 
and subsequent admission to a nursing home (Salkeld et al.  2000).  However, the 
conclusions from this study should not be interpreted as older women would prefer 
death to treatment in the event of a hip fracture; rather that older women place a very 
high marginal value on their health.  These findings imply that it is important for 
intervention and rehabilitation programmes to focus not only on enhancing mobility 
but also to optimise the ability to live independently and partake in social activities. 
 
Many studies, therefore, indicate that falls are a frequent event in the older population.  
This provides a significant cost implication for the health services.  In addition, falls 
represent a major concern for the older population as shown through fear of falling 
and also fear of the loss of independence associated with a bad hip fracture. 
 
1.2. Physical activity recommendations 
The recommendations for physical activity for health in the United Kingdom state that 
a minimum of 30 minutes of at least moderate intensity exercise on at least 5 days of 
the week are recommended for health benefits (Department of Health, 2004b).  This is 
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consistent with recommendations from other health organisations (Department of 
Health and Ageing, 1999; Swiss Federal Office of Sports et al.  2000; World Health 
Organization et al.  2003).  These recommendations are predominantly believed to 
provide protection against conditions such as cardiovascular disease, type II diabetes, 
cancer and obesity.  Regular physical activity has been proposed as one method of 
preventing falls and therefore fall-related injuries in older adults (Kannus, 1999).  
Physical activity interventions have also been investigated with the aim of reducing 
the risk factors associated with falling (Lord et al.  1995; Lan et al.  1998; Li et al.  
2004).  It has also been estimated that if the whole population adopted the physical 
activity recommendations, health care costs for hip fractures alone could be reduced 
by 50% (Nicholl et al.  1994).  However, most studies have investigated the effects of 
physical activity on risk factors for falls rather than falls themselves, and no studies 
have evaluated the impact of lifetime adherence to physical activity recommendations 
on fall occurrence. 
 
The assessment of lifetime physical activity is key to the identification of 
aetiologically relevant prior age periods for disease risk as well as the optimum 
duration, intensity, and frequency of regular lifetime activity (Chasan-Taber et al.  
2002).  Any study investigating lifetime physical activity in current older adults, out 
of necessity, invariably involves information gathered retrospectively in the form of 
self-reports (Dawson et al.  2003).  Retrospective methods of this nature present 
limitations in terms of accuracy and reliability as they rely on the ability to recall, so 
they may not be suitable for all groups of older adults.  However, unless a study group 
is assessed on a regular basis, which may have feasibility issues and also will not 
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present older adult data for many years, recall is the only option available to many 
researchers. 
 
Of the recall options available to the researcher, the physical activity questionnaire 
remains one of the most feasible and cost-effective methods for assessing physical 
activity in the epidemiological context (Livingstone et al.  2001).  Whilst self-
administered questionnaires are believed to be less precise than those that are 
administered by an interviewer (Montoye and Taylor, 1984), interviews can take 1-1.5 
hours to administer, which makes them less practical when using large sample 
numbers.  Therefore, the questionnaire becomes an important and most appropriate 
tool when using large study populations. 
 
Few physical activity questionnaires have been investigated and validated in 
exclusively elderly populations.  Many questionnaires used in epidemiological studies 
have been developed predominantly using younger, male populations, making it 
unclear if the same questionnaires can distinguish levels of activity in older and/or 
female populations (Slattery, 1996).  In addition, few questionnaires are designed to 
assess physical activity for a time period of longer than 1 year.  Therefore, these 
questionnaires are unable to provide information of historical physical activity and are 
of greater use in current habitual physical activity studies. 
 
The first questionnaire designed to assess lifetime activity was the Historical Leisure 
Activity Questionnaire (Kriska et al.  1988), which was an interviewer administered 
design and aimed initially at women.  This questionnaire focussed on leisure time 
physical activity, but did not include either occupational or household activity.  
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Although this questionnaire was subsequently modified to include occupational 
activity (Kriska et al.  1990), this questionnaire may still underestimate physical 
activity levels due to the exclusion of household activity, particularly in females 
(Livingstone et al.  2001).  This questionnaire was subsequently modified to be self-
administered (Chasan-Taber et al.  2002; Daly and Bass, 2006) and has been shown to 
be highly reproducible in this form for both total activity and activities of different 
intensities and types (Chasan-Taber et al.  2002).  The modifications included adding 
questions about household activity.  However, this reliability study by Chasan-Taber 
et al was only conducted in women aged 39-65 years, so may not be as reproducible 
in men or older adults.  The resultant questionnaire from these modifications was a 
physical activity grid, which looks complex and may be daunting to complete.  The 
detail required about individual activities may be difficult to recall, and may be in 
excess of what is required to gain an insight into health enhancing physical activity 
levels.  As health benefits generally depend on the amount of activity performed as 
opposed to the individual types of activity, a questionnaire that includes a global 
assessment of activity is useful in epidemiological studies (Shephard, 2003). 
 
The Lifetime Total Physical Activity Questionnaire (LTPAQ) was designed to cover 
lifetime occupational, household and sporting activities and was aimed at women 
(Friedenreich et al.  1998).  The questionnaire was designed to be interview-
administered rather than self-administered, and requires interviewers trained in 
cognitive interviewing methods.  This increases the collection time required and adds 
training costs to any study using this questionnaire, so it is less practical for 
epidemiological studies using large participant numbers.  The questionnaire focuses 
on intensity and duration of activities, which may have assisted recall as the specifics 
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of every activity were not required in detail.  However, the detail required for duration 
may have been too specific to recall accurately as hours and minutes were requested.  
This questionnaire was designed and tested on women, but possibly could be adapted 
for use with men as well with further research to assess validity and repeatability. 
 
The Swedish Mammography Cohort Physical Activity Questionnaire (SMC-PAQ) 
was designed to estimate current (past year) as well a historical physical activity 
(Orsini et al.  2007).  The historical physical activity data was collected for three age 
points – 15, 30 and 50 years old.  The SMC-PAQ, like the LTPAQ, was also designed 
to cover occupational, leisure-time and household activity and was also aimed at 
women.  The SMC-PAQ has the advantage over the LTPAQ of being self-
administered increasing the practicality of the tool for large epidemiological studies, 
however the questions may still be too specific for accurate recall of activity levels. 
 
These historical physical activity questionnaires are not specifically designed to 
investigate adherence to recognised physical activity recommendations, and currently 
there are no tools to investigate adherence to these recommendations in a 
historical/lifetime sense.  Nor have these tools been developed with physical activity’s 
relationship to falls as the objective.  Therefore, there is a need for an instrument that 
can address these areas. 
 
1.3. Measures of stability in older adults 
Human bipedal stance is inherently unstable because a large body mass is kept in an 
erect posture with its centre of mass (COM) high above a relatively small base of 
support.  Although this standing posture is potentially unstable, control mechanisms 
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allow this stance to be maintained (Winter, 1995b).  Postural stability during standing 
has been intensely investigated in relation to ageing and to fall risk.  This research has 
generated considerable understanding of balance control and led to the development 
of several clinical and laboratory tests that are used in falls research. 
 
Several clinical tests for balance and mobility have been designed to try and identify 
those at an increased risk of falling.  These include the Performance Orientated 
Mobility Assessment (Tinetti, 1986), the Berg Balance Scale (Berg et al.  1989), the 
Physical Performance test (Reubens and Siu, 1990), the Timed-Up-and-Go (Podsiadlo 
and Richardson, 1991), the Multiple Tasks test (Bloem et al.  2001), and the Stops 
Talking when Walking test (Lundin-Olsson et al.  1997; de Hoon et al.  2003).  In 
brief, these assessment tools involve tasks of balance and movement such as standing 
balance, standing with eyes closed, arising from a chair, retrieving an object from the 
floor and turning.  The ability to perform these tasks is then rated by the tester or 
clinician.  However, in healthy community-dwelling women the Berg Balance Scale 
appeared to have a ceiling effect showing limited predictive ability for falling in 
higher functioning individuals (Brauer et al.  2000), and was considered not sensitive 
enough to uncover factors that contributed to falls in active older adults (Boulgarides 
et al.  2003).  So, although clinical tests of balance function are able to provide an 
indication of balance abilities, they are limited in the ability to detect subtle changes 
in postural stability and identify mechanisms of dysfunction (Brauer et al.  2000).  
This inability to detect subtle changes limits the uses of clinical balance measures in 
investigations into balance in healthy, physically active, community-dwelling adults, 
some of whom fall.  The alternative to the use of such insensitive clinical assessment 
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is the use of laboratory-based assessments, which can provide information regarding 
control processes and age-related biomechanical changes relevant to balance.  
 
Many laboratory studies have relied solely on force plate measures (Thapa et al.  
1994; Collins et al.  1995; Brauer et al.  2000; Hue et al.  2004; Bryant et al.  2005).  
These studies have suggested that there are increased centre of pressure (COP) sway 
paths in the sagittal plane in older adults compared to young adults (Laughton et al.  
2003).   However, standing balance has not been investigated in depth between groups 
of fallers and non-fallers in the elderly.  In addition, measures of the relationship 
between the COM and the COP generate more useful information about the balance 
control systems than COP measures alone (Winter, 1995b; Yu et al.  2008). 
 
Although the COM-COP relationship has been investigated in terms of balance, few 
published studies have compared the COM-COP separation variable between young 
adults and healthy older adults (Berger et al.  2005a; Masani et al.  2007), and only 
one (Berger et al.  2005b) has investigated the COM-COP relationship in different 
faller groups in community dwelling older persons, the majority of whom were 
entirely sedentary. 
 
Stability is further challenged during walking as the area of the base of support is 
reduced during the swing phase when only one foot is in contact with the ground.  
Furthermore, walking is fundamentally unstable as the double support phase is the 
only part of the gait cycle where the COM is not located outside the base of support 
(Winter, 1995a) and this double support phase only comprises approximately 20% of 
the gait cycle. Dynamic stability during walking is achieved by integrating sensory 
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inputs from the visual, vestibular and proprioceptive systems with adequate muscle 
strength, appropriate neuromuscular timing and free passive joint mobility (Prince et 
al.  1997).  Any age-related degeneration of one or more of these sensory systems 
could compromise balance during gait.  Therefore, the identification of gait 
parameters that are associated with balance control may lead to greater understanding 
of balance dysfunction and increased fall risk in the older population (Helbostad and 
Moe-Nilssen, 2003). 
 
The majority of previous work concerning stability when walking has focussed on 
temporo-spatial parameters, such as gait speed, stride length and time spent in double 
support.  These studies have shown that significant changes occur in these parameters 
with increasing age (Oberg et al.  1993; Bohannon, 1997; Blanc et al.  1999), 
increasing frailty (Kressig et al.  2004) and that these changes are associated with falls 
(Auvinet et al.  2003; Brach et al.  2005; Ko et al.  2007).  These gait changes have 
been suggested to result from older adults adopting a more cautious walking pattern 
(Maki, 1997; Kaya et al.  1998; Menz et al.  2003; Cromwell and Newton, 2004; 
Chamberlin et al.  2005), but ironically these same changes have also been associated 
with increased risk of falling (Tinetti et al.  1986; Lipsitz et al.  1991; Montero-
Odasso et al.  2004; Montero-Odasso et al.  2005).  This paradox occurs because these 
temporo-spatial measures, although providing useful summary information about gait, 
only provide an indirect measure of stability.  For example, although a slower walking 
speed may appear to be a compensatory strategy for balance during locomotion (Menz 
et al.  2003), a slower walking velocity has also been shown as a predictor for new 
falls in older adults (Montero-Odasso et al.  2005). 
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It may be more informative to investigate more direct measures of stability during 
walking than temporo-spatial parameters, such as COM and COP measures.  Previous 
research has shown that peak anterior COM-COP separation is decreased in older 
people compared with young adults (Hahn and Chou, 2004), but there have been no 
comparisons made between older adults with and without a history of falling for these 
measures. 
 
Most falls occur during locomotion (Keegan et al.  2004; Li et al.  2006), therefore it 
is important to develop a greater understanding of gait and the underlying control 
mechanisms that govern dynamic stability.  Although the temporo-spatial 
characteristics have been widely investigated in terms of increasing age (Oberg et al.  
1993; Bohannon, 1997; Blanc et al.  1999) and in terms of fall risk and frailty in older 
adults (Maki, 1997; Auvinet et al.  2003; Kressig et al.  2004; Brach et al.  2005; Ko 
et al.  2007), there has only been limited research conducted on more direct measures 
of dynamics stability during walking and often straight line walking has been 
considered only in reference to obstacle crossing in relation to falls in older persons 
(Chou et al.  2003; Hahn and Chou, 2004; Lee and Chou, 2006). 
 
The mechanisms involved in turning have been largely overlooked in biomechanical 
research.  This is despite the fact that turning steps make up 35-45% of the steps 
involved in common everyday tasks (Glaister et al.  2007).  Staggering when turning 
has been reported to be a prominent characteristic of recurrent fallers (Tinetti et al.  
1986), and those who are unsteady during turning are more likely to fall whilst 
executing a turn (Topper et al.  1993). From a fall outcome standpoint, individuals 
who fall during turning are around 8 times more likely to fracture their hip than those 
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who fall when walking in a straight line (Cumming and Klineberg, 1994) 
demonstrating that falls whilst turning present a major health concern.  This high 
fracture rate resulting from a fall when turning highlights the need to develop a better 
understanding of the biomechanics involved in balance control during turning to 
further advance knowledge about fall risk during activities of daily living. 
 
Assessment of standing turn performance is considered of value in predicting 
potential fall risk in older adults (Meinhart-Shibata et al.  2005), and as a result has 
been included in many clinical tests.  The 360º standing turn forms part of two 
regularly used clinical assessment tools for assessing balance in older persons (Tinetti, 
1986; Berg et al.  1989), with a longer turn time and a greater number of steps 
associated with an increased risk of falling (Lipsitz et al.  1991).  Despite these 
research findings and the widespread use of these clinical tests, the 360º standing turn 
has been largely ignored in biomechanical assessment particularly in terms of normal 
movement, changes that may be associated with increasing age, and changes that may 
be associated with the increased risk of experiencing a fall. 
 
The mechanisms for stability in static and dynamic conditions have therefore 
previously been investigated in healthy, young adults (Nashner and Mccollum, 1985; 
Jian et al.  1993; Winter, 1995b; Hollands et al.  2001) and in comparison with older 
adults (Hahn and Chou, 2004; Berger et al.  2005a).  These studies have provided 
useful information on the systems used to control upright posture, and how the 
changes associated with increasing age may impact on the ability of these systems to 
control balance.  However, it remains to be determined whether changes associated 
with increasing age are more pronounced in those individuals who experience one or 
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more falls, and whether tests based on those changes may be used in identification of 
those at risk of falling who may then benefit from specific falls prevention 
programmes. 
 
There is an urgent need for increased understanding of the potential benefits of an 
active lifestyle for falls prevention, and for greater understanding of deficiencies that 
exist in the older, community-dwelling populations that may have relevance to the 
aetiology of falls and implications for falls prevention strategies.  Research 
investigating the potential benefits of leading a physically active lifestyle in direct 
relation to the levels recommended for health and the subsequent reduced likelihood 
of experiencing a fall is needed to assess whether the recommendations are 
appropriate for falls prevention.  In addition, research on the biomechanics of selected 
physical tasks is needed to quantify impairment magnitudes associated with ageing 
and fall risk, to determine which elements are critical to the impairment, and 
ultimately to make recommendations that could help design more effective 
intervention measures for falls prevention in the community-dwelling older 
population.  
 
1.4. Thesis aims 
The purpose of this thesis was to investigate whether achievement of recommended 
levels of physical activity over the life course reduces fall occurrence, and to advance 
the understanding of the mechanisms involved in decreased stability that put some 
older adults at increased risk of falling. 
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The specific aims of this thesis therefore were to: 
1. design a new tool to measure retrospectively the long-term adherence to 
current physical activity recommendations issued by the Department of Health 
in the United Kingdom 
2. evaluate whether lifetime adherence to current physical activity 
recommendations for health have a preventative effect against falls in 
community-dwelling older persons 
3. consider whether there are differences in stability measures in upright erect 
standing associated with age and with fall status 
4. investigate whether there are differences in the dynamic stability of walking 
associated with age and with fall status 
5. assess whether there are any differences in dynamic stability of turning and 
turning strategy associated with age and fall status 
6. make recommendations based on this work for related future research and to 
make suggestions for physical activity guidelines specifically aimed to reduce 
the risk of falling. 
 
1.5. Thesis structure 
In order to realise the above stated aims, the thesis has been structured in the 
following manner: 
 
A theoretical section examines the development of physical activity recommendations 
for health, lifetime and current physical activity levels, and the possible associated 
decrease in fall risk relating to higher levels of activity (chapter 2).  This is followed 
by an experimental chapter assessing retrospective physical activity levels with 
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specific reference to the current recommendations for health, and self-reported history 
of falls (chapter 3).  A second theoretical section considers the mechanisms of 
stability involved in the tasks of standing, walking and turning (chapter 4).  This is 
followed by experimental work investigating stability during the tasks of standing 
balance, overground walking and turning in groups of non-fallers, single fallers, 
multiple fallers and young controls (chapters 5-7).  The methods from these stability 
studies are presented in chapter 5, the results from these laboratory studies are 
presented in chapter 6 and the findings are discussed in chapter 7.  These chapters will 
be followed with a final concluding overview (chapter 8). 
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Chapter 2: Physical activity and falls: review of literature 
 
2.1. Development of physical activity recommendations 
Physical activity has been advised for health benefits since the days of Hippocrates 
over 2000 years ago (Karvonen, 1996; Paffenbarger, Jr. et al.  2001).  In the late 
1800s, after studies involving rowers in the Harvard-Yale boat race, it was concluded 
that the average athlete lived considerably longer than the normal expectation (Park, 
1997).  Despite these observations, the medical communities in the United States and 
Europe were very conservative in their attitude towards physical activity in adults 
from around 1925-1960 (Holloszy, 1983).  Interest was generated in occupational 
physical activity when individuals in physically active jobs appeared to be less likely 
to suffer from coronary heart disease than those in sedentary jobs (Morris et al.  
1953), and this led to the systematic research on the relationship between physical 
activity and health that occurred in the second half of the 20th century and into the 21st 
century.  The American College of Sports Medicine (ACSM) was an early leader in 
providing recommendations specifically for physical activity in the mid-1970s (Blair 
and Connelly, 1996).  These guidelines stated that 15-60 minutes of physical activity 
at 60-90% of heart rate reserve on 3-5 days per week was required to develop and 
maintain cardiorespiratory fitness and body composition in healthy adults (American 
College of Sports Medicine, 1978).  These recommendations were based on 
improving performance-related fitness levels rather than purely on health benefits, 
and were the result of studies that had predominantly focused on vigorous intensity 
physical activity to improve fitness in groups of young, healthy men.  This led to the 
misconception that any physical activity not meeting this specific criteria was of 
limited or no value (Blair et al.  2004). 
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Since this early position stand from the ACSM, more research has been conducted on 
the effect on health of different levels of physical activity intensity in less healthy 
individuals.  Findings from these studies led to the 1993 position stand regarding 
physical activity and hypertension from the ACSM which indicated that intensities of 
40-70% V&O2max reduce blood pressure as much as higher intensity activity (American 
College of Sports Medicine, 1993).  This demonstrated a paradigm shift towards 
activity recommendations for both performance- and health-related outcomes rather 
than exclusively performance-related fitness.  
 
In 1995, a landmark paper was published by the ACSM.  New recommendations were 
introduced which indicated that in order to achieve health benefits, adults were to 
accumulate 30 minutes or more of moderate intensity physical activity on most, 
preferably all, days of the week (Pate et al.  1995).  Moderate intensity was defined as 
any activity with an energy cost of 3-6 metabolic equivalents (METs) and these new 
recommendations were intended to complement not supersede the previous 
recommendations.  These recommendations marked a shift from the traditional fitness 
based to a more health-related focus.  This was also the first time that moderate rather 
than vigorous levels of physical activity intensity were recommended in a position 
statement, as well as the first time intermittent activity was accepted.  Many studies 
have investigated the benefits of continuous physical activity, but the accumulation of 
activity has also been identified as important for public health policy.  The minimum 
length of each session of physical activity has been suggested to be 10 minutes 
(DeBusk et al.  1990).  In 1996, the Department of Health in the UK introduced the 
recommendation of achieving 30 minutes of moderate intensity physical activity on at 
least 5 days of the week (Department of Health, 1996).  These are consistent with the 
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physical activity recommendations in Australia (Department of Health and Ageing, 
1999), Switzerland (Swiss Federal Office of Sports et al.  2000) and from the World 
Health Organisation (World Health Organization et al.  2003).  
 
The ACSM and the American Heart Association (AHA) have recently updated their 
recommendations to “all healthy adults aged 18-65 years need moderate-intensity 
aerobic physical activity for a minimum of 30 minutes on five days each week or 
vigorous-intensity aerobic activity for a minimum of 20 minutes on three days each 
week” (Haskell et al.  2007).  Combinations of these activity types can also be 
performed to meet recommendations.  These updated recommendations provide 
clarity to the 1995 ACSM recommendations by identifying 5 days a week to be the 
minimum number of days in which moderate intensity physical activity should be 
achieved.  This is consistent with the recommendations from the UK.  These new 
ACSM guidelines are also much more explicit in their wording.  The 
recommendations also state that “adults will benefit from performing activities that 
maintain or increase muscular strength and endurance for a minimum of two days 
each week” (Haskell et al.  2007).  This is the first time that muscle strengthening 
activity has been explicitly incorporated into physical activity guidelines. 
 
These aerobic and muscle strengthening guidelines also apply to adults aged 65 and 
over, however the guidelines for this age group also incorporate a description of how 
these activities should be applied due to the heterogeneity of fitness levels in older 
adults (Nelson et al.  2007).  In practice, this means that the recommendations are 
applied in prescriptive as opposed to absolute terms.  In addition, older adults are also 
advised to incorporate flexibility exercises for at least 10 minutes on at least 2 days of 
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the week and to perform exercises to maintain or improve balance (Nelson et al.  
2007). 
 
The focus of physical activity guidelines therefore, has shifted from fitness benefits to 
health benefits, which makes them applicable to populations as a whole rather than 
just those who wish to increase performance.  It is therefore important not only to 
have recommendations in place, but also to assess physical activity levels within 
populations who attempt to adhere to these recommendations and to investigate their 
impact upon subsequent ill-health events.  The remainder of this literature review will 
consider the evidence relating to population adherence to the physical activity 
guidelines, and also on fall occurrence, fear of falling, fall outcomes and the potential 
benefits of physical activity for falls prevention. 
 
2.2 Physical activity levels in England 
The most detailed study of physical activity in the population in England was the 
Allied Dunbar national fitness survey (Sports Council and Health Education 
Authority, 1992).  This was a cross-sectional study focusing predominately on activity 
performed in the 4 weeks prior to interview, although the study also incorporated 
some historical questions.  Of the study population as a whole (n = 4316), 49% of the 
men and 41% of the women had engaged in vigorous or moderate activity lasting 20 
minutes or more on at least 12 occasions in the previous 4 weeks.  There was a 
consistent decline in participation in vigorous activity with increasing age; however 
levels of light and moderate activity were consistent across the age bands based on the 
classification criteria.  The findings suggested that home activities were the main way 
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in which people were moderately active, emphasising the necessity for these activities 
to be included in any assessment of activity levels. 
 
Data from the Allied Dunbar Fitness Survey from respondents aged 50 and over was 
reanalysed alongside data from the Health Education Authority National Survey of 
Activity and Health (combined n = 3078) in a report for the Health Education 
Authority (Skelton et al.  1999).  This report re-defined moderate intensity physical 
activity based on age, e.g. in respondents aged 75+ moderate intensity was defined as 
activity of at least 4 kcal.min-1 as opposed to 5 kcal.min-1 in respondents aged 50-69.  
The re-definition of moderate intensity was to reflect that maximal exercise intensity 
declines in old age, and therefore scaled moderate intensity to reflect this age-related 
decline.  In the sample population aged 50+, of those free from immobilising disease, 
30% of men and 19% of women were considered frequently active. 
 
Data from England using the current physical activity guideline criteria (30 mins of 
moderate intensity activity on at least 5 days.week-1) showed that in the 16-74 years 
age range, 31.4% of the sample population (n = 3189) were active enough in 1995 
(Hillsdon et al.  2001).  However, based on the same representative cohort, this had 
dropped to 21.6% by 1997.  This was despite a public awareness campaign promoting 
physical activity for health.  There was a split by age; a greater percentage in the 16-
44 age group achieved the recommendations than the 45-74 age band.  However, the 
younger age group showed a larger decline in those active between 1995 and 1997 
(37.0% to 22.8%) than the older age group (26.9% to 20.6%).  This demonstrates a 
worrying decrease in the proportion of the population engaged in enough activity 
recommended for health benefits. 
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Cross-sectional reports by the Department of Health also show this consistent decline 
in the number of people achieving the physical activity recommendations and an 
increase in the number of people completely inactive with increasing age (Department 
of Health, 1999; Department of Health, 2004a).  These reports show a decline in the 
number of people achieving the recommendations between 1998 and 2003 (table 2.1).  
The percentage of men achieving the recommendations dropped from 40 to 37% and 
women from 26% to 24%.  The trends in men and women across the age bands were 
different.  In the 16-24 age band, over 50% of the men achieved the recommendations 
and these levels then decreased with each chronological age band.  In contrast 30-35% 
of the women achieved the recommendations in the 16-24 age band and this level 
remained consistent around the 30-35% until the 55-64 age group where it then 
declined continually until the final 75+ age group. 
 
Table 2.1. Percentage of adults achieving physical activity recommendations, by sex 
and age group 
  Age        
  16-24 25-34 35-44 45-54 55-64 65-74 75+ Total 
1998 Men 62 52 46 39 32 17 7 40 
 Women 35 34 34 31 22 12 4 26 
2003 Men 53 44 41 38 32 17 8 37 
 Women 30 29 30 31 23 13 3 24 
Source: Department of Health (1999, 2004a) 
 
These population studies show that generally less than half, and often less than a third 
(depending on the population groups of interest) of adults are engaged in sufficient 
physical activity for health benefits based on current recommendations.  Of greater 
concern is that fewer and fewer adults are achieving these recommendations, which 
could have implications for health provision in the future. 
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2.3 Physical activity levels elsewhere in the World 
When the figures for physical activity in England are compared with other studies 
from around the World, the declining levels observed with increasing age have also 
been detected in other population studies (Crespo et al.  1996; Livingstone et al.  
2001; Chad et al.  2005; Muntner et al.  2005).  This is particularly noticeable in men 
for whom the downward shift in occupational activity with increasing age is not 
compensated by an increase in leisure time or household activities.  Therefore, these 
areas need to be targeted in future drives to increase habitual physical activity to 
offset the decline in occupational activity.   
 
More than one-third of the population (aged 50 and over) assessed in a Swiss study 
reported that they did not take part in any sports nor achieved the recommended levels 
of habitual physical activity (Meyer et al.  2005), however this study did not appear to 
account for any occupational or household activities.  A study in the USA found that 
only 32% of the sample population (aged 25-64 years) achieved physical activity 
recommendations (Jones et al.  1998), but again this only accounted for leisure time 
activities.  This is in contrast to a study of Chinese adults (aged 35-74 years) which 
found 66.3% of the sample population to be physically active based on the physical 
activity recommendations (Muntner et al.  2005).  This study did include occupational 
activity which may have accounted for a substantial portion of this difference.  This is 
supported by the data when split into rural and urban populations where 78.1% of the 
rural population and 21.8% of the urban population was physically active – which is 
mirrored by the occupational physical activity data.  The occupational, as opposed to 
leisure time physical activity, was the main contributor to the achievement of the 
recommendations in this rural Chinese population, and demonstrates the need for 
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occupational data to be included in an study of physical activity.  In Australia, 50.9% 
of the population in the 18-75 age range was estimated to be sufficiently active in 
1997, although this had declined to 45.2% in 1999 (Bauman et al.  2003) mirroring 
the decline in activity levels observed in England.  In Japan, 68.7% of men and 76.2% 
of women aged 40-70 spent less than 1 hour per week in sport or physical activity 
(Kurozawa et al.  2005), although no information was given on occupational or 
household activity.  However, 49.4% of men and 50.7% of women spent over an hour 
a day walking and when this data was combined only 13.0% of men and 11.9% of 
women spent less than 30 minutes a day walking and less than 2 hours a week in any 
sport or physical activity.  This demonstrates the importance of incorporating walking 
in any assessment of habitual physical activity levels. 
 
Based on these studies, the proportion of the population in England achieving 
physical activity recommendations appears to lie between the American and 
Australian figures, although admittedly the American figures did not include 
occupational activity.  These values are much lower than for China and Japan, which 
may show a cultural difference in the approach to activity, e.g. daily Tai Chi is a 
cultural norm in some regions (Hong Kong Sports Development Board, 2002).  
Although the urban population in China were less active than these Western 
Hemisphere figures, nearly 80% of the population live in rural locations, suggesting 
that declines in occupational activity either with increasing age or increasing 
urbanisation could have a major impact on this Chinese rural population’s ability to 
attain sufficient physical activity. 
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In a study conducted in Ireland, it was found that men were twice as active in 
occupational and leisure-time activities, while women were three times more active in 
household pursuits (Livingstone et al.  2001).  This may account for the disparities 
between men and women in studies that did not incorporate household pursuits in 
their assessments of physical activity levels (Crespo et al.  1996; Jones et al.  1998; 
Meyer et al.  2005).  This highlights the importance of incorporating all types of 
physical activity in any study of population levels to obtain a true reflection of 
physical activity and to attain a thorough understanding of the epidemiology of health 
conditions. 
 
These studies highlight that the adherence to sufficient physical activity based on 
current recommendations for health is relatively low.  The trend also suggests that 
adherence is steadily decreasing.  Occupational and household activities also need to 
be included in any assessment of physical activity, as the exclusion of these could 
underestimate the time spent in moderate or higher intensity activity.  Only when 
these activities are accounted for in population studies can more valid levels of 
habitual physical activity be reported.  Strategies can then be implemented to reduce 
inactivity and the implications of inactivity on health issues, such a falling in older 
people, can be explored. 
 
2.4 Falls 
There are several definitions for a fall in use in research papers.  A fall has been 
defined simply as a sudden, unintentional change in position causing the victim to 
land on the ground (Nowalk et al.  2001; Jensen et al.  2002).  A slight variant on this 
definition is as an event where an individual unintentionally comes to rest on the 
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ground or other lower level, however if the individual comes to rest against furniture 
or a wall this is not defined as a fall (Bischoff et al.  2001; Campbell et al.  1999; 
Steinberg et al.  2000).  This has been expanded on by stating that if the fall was 
caused by a major intrinsic event (such as a stroke) or overwhelming hazard (Lord et 
al.  1995; Lord and Clark, 1996; Close et al.  1999; Lajoie and Gallagher, 2004) that it 
should be classified differently as a ‘hazard-related’ fall.  This is an important 
distinction, as these hazard-related falls may need environmental assessment for 
prevention rather than programmes related to physical activity or age-related changes 
that may have occurred.  
 
The use of a fall definition relative to the particular aspect of interest of a study has its 
attractions.  However, the use of more than one definition for falls in the literature 
makes comparisons between studies difficult.  This is particularly important when 
intervention are being investigated that use falls (or lack of falls) as an outcome 
measure.  It has been suggested that the wording of a falls definition could be one of 
the reasons that different fall rates are reported in similar populations (Lamb et al.  
2005) and that future intervention studies should use a definition that is simple and 
can easily be understood by the people who document their falls (Hauer et al.  2006).  
A definition that is simple to understand is also of use in retrospective studies, as 
details of falls in the past may be difficult to recall (Cummings et al.  1988).  
Therefore, the use of a definition that simply states a fall to be a sudden, unintentional 
change in position causing the individual to land on the ground (Nowalk et al.  2001; 
Jensen et al.  2002) could be used for both retrospective and intervention studies. 
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A key concern in falls prevention is not simply the high incidence of falls in older 
persons (young children and athletes have an even higher incidence of falls) but rather 
the combination of high incidence and a high susceptibility to injury that is present in 
some older adults (American Geriatrics Society et al.  2001).  A recent report in 
England found that 23% of men and 29% of women over the age of 65 had fallen at 
least once in the previous 12 months (Department of Health, 2007).  The incidence of 
falls rises steadily with increasing age, but men report fewer falls than women until 
the aged 85+ category. 
 
These data from England are slightly lower than the 32% of community-dwelling 
older adults reported to fall at least once a year in the USA (Tinetti et al.  1988), but 
very similar to the 27.7% reported in a more recent US study (Friedman et al.  2002).  
The fall rate over one year in another US study was 52% in a group of community-
dwelling individuals aged 60-88 (Berg et al.  1997).  This is significantly higher than 
both the data from England and from the Tinetti et al. and Friedman et al. studies, 
which may be due to the relatively small sample size of 96 for this type of study, and 
also that potential bias may exist in a volunteer sample.  Berg et al. (1997) also found 
similar fall rates for men and women which could indicate a different pattern for 
falling in the USA to England, although there were fewer men than women involved, 
which also could have impacted on the findings. 
 
Falls have been reported to occur at home more often than away from home (58 and 
42% respectively), although falls at home were more likely to occur outdoors than 
indoors (Berg et al.  1997).  This could be due to more hazardous terrain being 
encountered outdoors than indoors.  Women have been reported to be more likely to 
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fall within the home, whilst men have been reported to be more likely to fall in their 
garden (Campbell et al.  1990; Berg et al.  1997).  Most of these falls occurred during 
periods of maximum activity in the morning or afternoon.  As most of these falls are 
occurring during the daytime as opposed to at night, this suggests that physical 
movement is reduced in darker environments, or that low light levels are not a major 
factor in the majority of falls in older people.  This could be partly explained by the 
reliance on vision for balance control increasing up to the age of 65, after which the 
role of vision in balance control declines (Lord and Ward, 1994).  Falls have also 
been reported as occurring most commonly during walking (Berg et al.  1997; Keegan 
et al.  2004), suggesting that balance mechanisms during locomotion are important to 
understand for falls prevention. 
 
Recent Department of Health data from England reported that 23% of men and 34% 
of women had required medical treatment after a fall (Department of Health, 2007).  
Fractures occurred in 5% of falls in a one-year study, with a further 9% of falls 
resulting in a soft tissue injury requiring medical attention (Berg et al.  1997).  These 
are very similar to the findings of Tinetti et al. (1988) who reported that 24% of those 
who fell suffered serious injury, and 6% of falls resulted in fracture.  If a quarter to a 
third of falls result in medical treatment, falls present a major financial cost to the 
healthcare system.  This underlines the need for identification of those at risk of 
falling (either as a first or repeat occurrence), lifestyle habits that might either increase 
or decrease the likelihood of falling, and preventative measures to reduce the 
incidence of falls. 
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2.5 Physical activity history and falls 
Few studies have investigated the potential relationship between habitual physical 
activity and fall incidence.  However, studies have investigated relationships between 
habitual physical activity and factors such as strength, proprioception and balance 
which are all related to fall risk.  These studies have investigated active and non-
active populations as well as specific activity types. 
 
When falls were investigated as an outcome measure, elderly women who reported 
regular activity in sports before the age of 40 had fewer falls than those who were less 
active (Bischoff et al.  2001).  However, regular activity was only defined as “at least 
once weekly”, which is below the current physical activity guidelines, and no 
occupational or household activity was accounted for.  Despite these limitations, the 
findings give strong indications that an active lifestyle may be beneficial in reducing 
fall risk in later life.  Although there were differences in fall incidence, no functional 
differences were observed, which were assessed using the Timed Up and Go 
(Podsiadlo and Richardson, 1991). 
 
A prospective analysis study followed a group of post-menopausal registered nurses 
(n = 61 200) over a period of 12 years (Feskanich et al.  2002).  The participants 
reported the number of hours per week they spent in different activities.  The results 
suggested that this group were fairly sedentary, with the median total activity being 7 
MET-hours.week-1, with walking being the most popular activity.  The women with 
24 MET-hours.week-1 or more physical activity had a 55% lower hip fracture risk 
than those in the less than 3 MET-hours.week-1 of physical activity category.  
However, no data was given about fall occurrence or the incidence of other fall-
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related injury.  So although a higher habitual level of physical activity appears to have 
benefits for hip fracture prevention, it is unclear whether this was due to a lower risk 
of falling in the first place or whether the higher activity level offered more protection 
against hip fracture in the event of a fall. 
 
Tai Chi is one of the most commonly investigated forms of physical activity in 
relation to older populations.  Long-term Tai Chi practitioners have been shown to 
have superior balance control and flexibility compared to sedentary non-practitioners 
(Hong et al.  2000).  Although there were no details of any fall history presented in 
this study, balance is one of the components required for postural control.  When Tai 
Chi practitioners were compared to active non-practitioners, the groups were similar 
in simple tests of balance but the Tai Chi practitioners were significantly better in 
more complex balance tasks (Lin et al.  2000; Wong et al.  2001).  None of the 
participants had fallen in the 12 and 3 months prior to testing in the respective two 
studies, but no details were given for any previous falls history prior to that time, nor 
was any link made between the data and any potential future fall risk.  However, these 
studies suggest that long-term Tai Chi practitioners may be better adapted to more 
testing environments that may challenge postural stability.  Elderly Tai Chi 
practitioners have better knee joint proprioception and greater limits of stability than 
healthy non-practitioners (Tsang and Hui-Chan, 2003).  Further study by the same 
authors found that the knee joint proprioception and limits of stability of elderly Tai 
Chi practitioners and elderly golfers, but not elderly controls, was comparable to 
young controls (Tsang and Hui-Chan, 2004).  This similarity between golfers and Tai 
Chi practitioners may be due to the weight shifting nature of both activities and the 
requirement in both activities of the maintenance of balance and precise control of the 
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posture of the head and body in relation to space.  The practical implications for these 
findings relate to the relative participation levels in these activities in different 
countries.  Whereas in regions such as Hong Kong and Taiwan, there may be much 
greater participation in Tai Chi, in the Western hemisphere habitual Tai Chi is less 
common but the practice of golf is widespread.  As there are known ageing effects in 
these measures of sensorimotor function (Skinner et al.  1984; King et al.  1994; 
Gilsing et al.  1995; Tsang and Hui-Chan, 2004) utilised by Tsang & Hui-Chan (2003, 
2004), the finding that older people who participate in either of the two forms of 
activity identified have comparable function to young adults is worthy of further 
investigation in relation to falls prevention. 
 
A population of elderly women from an urban background who had been physically 
active for at least 20 years was compared with two control populations from the same 
background and a rural community (Ringsberg et al.  2001).  The women were 
classified as active if they had participated in physical activity classes for at least 1 
hour per week as opposed to relating activity to health recommendations.  Despite the 
criteria for active being quite low, the active women had significantly greater 
quadriceps and grip strength, balance and gait speed than the urban control group. 
Quadriceps strength is important for stability during gait as they contribute to vertical 
support during the first half of stance as they slow forward progression of the body 
(Liu et al.  2006).   The differences were not so apparent between the active women 
and the rural women, though this may be due to different methods adopted for these 
two groups due to test location practicalities or possibly due to the fact that no 
occupational activity was considered when classifying the participants as active or not 
active.  Even if these women classified as active had not achieved physical activity 
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recommendations throughout their lifetime, however, they were still demonstrating 
benefits from some physical activity that may reduce fall risk and maintain functional 
performance. 
 
Lifetime physical activity was correlated with bone mineral density in 
postmenopausal women (Kriska et al.  1988) and in men aged 50 and over (Florindo 
et al.  2004).  Although bone mineral density is not a factor in fall risk, decreased 
bone mineral density is a risk factor for fractures that could be the outcome of a fall.  
Therefore, habitual physical activity, physical activity recommendations that 
specifically include activities related to bone health, and intervention programmes that 
decrease the risk factors for fractures as well as reducing the risk of a fall occurring 
are worthy of further investigation. 
 
2.6 Physical activity interventions and falls 
In addition to physical activity history, research has been conducted into specific 
physical activity programmes, normally in the form of structured exercise, as 
intervention measures to reduce the risk of falling.  As with the historical studies, falls 
themselves have often not been the outcome measure, and many of these studies have 
used measures of balance, gait and strength as indicators of success. 
 
Of the studies that have used falls as an outcome measure, a 12-month general 
physical activity programme incorporating aerobic, strengthening and balance 
exercises did not result in any significant differences in fall rates between the physical 
activity and control groups in the follow-up period (Lord et al.  1995).  However, 
there was a trend for participants who attended 75% or more of the classes 
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experiencing fewer falls than those who attended less than 75% of the classes and the 
control group.  As the physical activity classes were held twice weekly, it is possible 
that more frequent sessions, in line with physical activity recommendations, may have 
resulted in a significant reduction in fall occurrence.  A 2-year home-based physical 
activity programme resulted in lower fall rates in women over 80 compared to a 
control group, as well as lower hazard rates for a moderate or serious injury 
(Campbell et al.  1999).  This type of programme has the advantage in that it is home-
based and therefore not dependent on services such as transport and local facilities.  
However, a home-based programme lacks a social element and may have lower 
adherence rates (Taylor et al.  2004).  There were significantly fewer falls in a Tai Chi 
group than a stretching programme control group in the 6-month post-intervention 
follow-up after a 6-month intervention programme (Li et al.  2004), and a statistically 
significant 44% reduction in injurious falls after a 12-month Tai Chi intervention 
compared to the control group (Lin et al.  2006).  There was a 25% reduction in falls 
in participants who participated in a 12-month intervention including strength, 
balance and flexibility exercises compared to a control group, although this reduction 
was not statistically significant (Shumway-Cook et al.  2007).  A meta-analysis of 
intervention studies suggests that programmes that include balance training are 
important for the efficacy of an intervention (Sherrington et al.  2008).  This may 
partly explain why Tai Chi has proved a successful activity for falls prevention 
studies as this modality involves a substantial balance training element. 
 
There are some reports, however, that suggest increased physical activity can actually 
increase the risk of falls.  In a study utilising brisk walking as an intervention to 
reduce osteoporotic fractures, there was a significantly higher fall rate in the walking 
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group in the first 12 months (Ebrahim et al.  1997).  However, despite the number of 
falls being higher in the walking group than the control group, the fracture rates were 
the same.  In addition, during the following 12 months, the rate of falls had dropped 
below that of the control group, although the result was not significant.  The definition 
of “brisk walking” in this study is vague; it is possible that initially the walking speed 
was at a pace that the participants found difficult to maintain postural control and 
therefore increased the likelihood of a fall.  Once a training effect had been imparted, 
the risk of falling decreased, as can be seen by the lower rate of falls in the second 
year.  Walking is also associated with a decreased risk of fracture in post-menopausal 
women (Feskanich et al.  2002) and a lower risk of cognitive decline in elderly 
women (Yaffe et al.  2001), therefore is clearly an important mode of activity.  
However, care has to be exercised when prescribing activity so as not to place 
individuals at a significantly increased risk of falling due to increased or inappropriate 
physical activity modality or intensity. 
 
These studies suggest that physical activity intervention programmes have variable 
success in reducing the incidence of fall occurrence, and indicate that falls themselves 
are able to be used as an outcome measure in programmes of this nature.  However, as 
falls are multifactorial in nature (Tinetti, 2003) it may not be that surprising that 
intervention related reductions in falls are not always statistically significant, 
particularly in the short-term (6-12 months).  So it is important with these intervention 
studies to not only use falls as an outcome measure but also to utilise measures of 
balance, strength and mobility as secondary outcome measures, as these are 
associated with an increased risk of experiencing a fall and also will provide useful 
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information on the functional changes that have occurred that may contribute to any 
decreased fall risk. 
 
Of the studies that have investigated other outcome measures, Tai Chi is the most 
frequently investigated form of physical activity intervention programme.  Six-month 
Tai Chi interventions have resulted in improved functional balance compared to 
baseline (Li et al.  2004), and increased concentric and eccentric strength of the knee 
extensors (Lan et al.  2000).  These strength increases may have implications for 
activities of daily living such as rising from a chair and also stability during gait.  
However, the internal validity of Lan et al.’s study was weakened by the lack of a 
control group which may be due to it only being a pilot study.  A 20-week Tai Chi 
intervention resulted in improvements in force control (Christou et al.  2003), which 
may result in more accurate body movements.   A 12-month Tai Chi programme 
resulted in improved cardiorespiratory function, strength and flexibility compared to 
baseline, whilst a control group showed no changes (Lan et al.  1998).  These studies 
demonstrate that Tai Chi is of value as an intervention tool for both increasing 
strength and balance ability which are associated with fewer falls and with lower fall 
occurrence as well. 
 
Of the intervention studies that have used alternatives to Tai Chi, a 12-month general 
physical activity programme resulted in improved strength and reaction time 
compared to baseline (Lord et al.  1995).  A 20-week community-based physical 
activity programme incorporating strength, postural and stretching exercise resulted in 
improved knee extensor strength and increased gait speed around a figure-eight circuit 
in a group of older women with osteoporosis (Carter et al.  2002).  Another 20-week 
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physical activity intervention class incorporating balance, strength, trunk stability and 
flexibility exercises resulted in significant improvements in balance measures and in 
the strength of the hip muscle, the quadriceps and the trunk extensors in community-
dwelling women with osteopenia (Hourigan et al.  2008).  A 16-week home-based 
intervention programme incorporating, balance, aerobic, strength and flexibility 
exercises improved performance on mobility tests and strength in the musculature of 
the ankle and reduced fear of falling (Delbaere et al.  2006a).  A 10-week feasibility 
study using tango dancing resulted in gains in muscle strength demonstrated through 
sit-to-stand measures (McKinley et al.  2008).  Intervention studies are often difficult 
to compare for efficacy as they utilise different intervention lengths, different 
frequencies of classes and different outcome measures.  Research is needed to identify 
the minimum frequency and duration of intervention programmes to assess the 
efficacy for reducing fall risk.  In addition to using falls themselves as an outcome 
measure, other outcome measures that are sensitive enough to discriminate between 
fallers and non-fallers in both healthy and frail older populations warrant further 
investigation.  This would allow standardisation of these research trials and therefore 
the comparison of the relative merits of different physical activity programmes in 
different groups of older adults.  The studies conducted to date do, however, show 
that significant improvements can be made through physical activity interventions that 
can modify associated risk factors for falling as well as reduce the associated fear of 
falling.  The use of physical activity as a means to curb the number of falls in older 
people therefore warrants further attention. 
 
Adherence to physical activity interventions is an important factor to consider when 
proposing the value of the programme in reducing falls and fall risk.  The drop-out 
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rate from one 12-month Tai Chi study was 26.9% (Lan et al.  1998).  The compliance 
rate from a home-based physical activity programme after 2 years was 44% 
(Campbell et al.  1999), but as the population group were all over 80 this relatively 
low compliance rate after such a time period is perhaps unsurprising.  A drop-out rate 
of only 12% was reported in a 20-week intervention study (Hourigan et al.  2008).  
This intervention programme was community-based with flexibility over times and 
days of class attendance, with emphasis on social interaction, which may have 
contributed to the high adherence levels observed to this programme.  The drop-out of 
a home-based intervention was 30%, but this was attributed mainly to the participants 
bearing a fairly considerable financial cost (100 Euro) to take part as physiotherapists 
were involved at the beginning and end of the intervention period (Delbaere et al.  
2006a).  These studies indicate that many factors may be involved in the success of an 
intervention programme, and that it is possible that the success will be affected by the 
age of the target group, and that programmes that are relatively inexpensive and have 
a social aspect are likely to be the most successful.  Six months after the intervention 
programme had ended, 66% of the Tai Chi group were still engaged in some Tai Chi 
or other exercise training (Li et al.  2004), and 10 years after a walking intervention 
participants were still walking significantly greater distances recreationally than the 
controls (Pereira et al.  1998), demonstrating that interventions can lead to permanent 
patterns of activity and therefore lifestyle changes. 
 
These intervention studies show some positive results for reducing fall rates and 
improving functional performance.  However, there has also been suggestion that 
physical activity and the risk of falling could have a U-shaped relationship, with those 
least active and most active at the greatest risk of falling (Gregg et al.  2000).  
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Therefore, care has to be exercised when encouraging increased physical activity to 
not expose the individual to a significantly increased risk of falling, whilst 
maintaining the desired benefits from the activity.  In further support of physical 
activity, there was a reduced risk of fracture in fallers with increasing amount of 
physical activity in the previous year (Keegan et al.  2004).  This suggests that not 
only can physical activity have a preventative effect against falling in the first place, 
but also those who are active and are still unfortunate enough to experience a fall may 
also have a decreased risk of a fracture as an outcome.  Therefore, any increased risk 
of falling in the most active, may be partly offset by the reduced risk of fracture as an 
outcome.  However, adherence to these programmes may not always be that high and 
there is limited data on whether these programmes are continued after a study has 
ended.  Therefore, it would be more advantageous to promote a healthy active 
lifestyle in younger generations to achieve lifestyle changes that impact on fall risk in 
older age than wait until these groups are already in the “at risk” category for falls. 
 
2.7 Fear of falling 
An associated psychological symptom of falls is fear of falling.  Loss of confidence in 
mobility tasks and fear of falling are commonly reported in older people (Hill et al.  
1996).  Fear of falling is partly due to the fear of possible resultant physical harm, but 
also fear of the associated social embarrassment from having a fall (Yardley and 
Smith, 2002).  Fear of falling becomes a key public health concern if this fear results 
in self-imposed restrictions to activity that could lead to further loss of physical 
functioning and reduction of health status through inactivity (Tinetti et al.  1994; 
Yardley and Smith, 2002; Li et al.  2003; Zijlstra et al.  2007; Deshpande et al.  
2008). 
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Fear of falling can be assessed by simply using the question “Are you afraid of 
falling?”  An interest in using a tool to provide more information on the fear itself 
however, led to the development of an instrument to measure fear of falling in 
different common activities (Tinetti et al.  1990).  The Falls Efficacy Scale (FES) uses 
a 10-point scale to rate the degree of perceived efficacy at avoiding a fall when 
involved in 10 day-to-day activities, e.g. simple shopping, reaching into cupboards 
and cabinets, getting in and out of a chair.  Research has been conducted to compare 
the FES to a more situation-specific measure of balance confidence (Powell and 
Myers, 1995).  This has been termed the Activities-specific Balance Confidence 
(ABC) scale, and has 16 items as opposed to 10 on the FES.  Both of these scales 
have been used in studies investigating fear and confidence, as well as using simple 
fear-related questions. 
 
In a cohort of community-living elderly persons, 43% reported a fear of falling 
(Tinetti et al.  1994).  However, the mean efficacy score based on the FES (Tinetti et 
al.  1990) suggested that although the respondents in this study were afraid of falling, 
the majority felt confident in conducting everyday living tasks without falling.  This is 
much higher than the 20.8% of people reporting a fear of falling in a more recent 
study that was also conducted in the USA (Friedman et al.  2002).  This discrepancy 
may be explained as the Friedman et al. study did not include individuals aged 85 and 
over.  In an English study population, 43% reported no fear of falling, 46% reported a 
slight fear and 11% reported a marked fear (Yardley and Smith, 2002). 
 
Individuals reporting a higher fear of falling were engaged in fewer activities of daily 
living or social activities than those with low fear (Friedman et al.  2002; Li et al.  
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2003; Deshpande et al.  2008).  Avoidance of activities for fear of falling also 
increased with increasing age and was more common in women (Yardley and Smith, 
2002).  This suggests that fear may impose constraints on the social functions and 
daily living tasks in these individuals, and has been shown to be an independent 
predictor for a decline in physical function (Deshpande et al.  2008).  Older adults 
who have a high fear of falling may not be so willing to engage in physical activity 
interventions for falls prevention, despite the potential benefits of the intervention, 
due to this underlying fear of falling which provides additional challenge in 
compliance and adherence to preventative measures. 
 
In a group of non-fallers, those who reported a fear of falling were significantly more 
likely to report a fall in the following 12 months than those who were not afraid 
(Friedman et al.  2002).  In addition, those with no fear of falling at baseline were 
twice as likely to report fear 12 months later if they had suffered a fall in that period 
compared to those who had not fallen.  Another study also suggested that fear of 
falling was a predictor of subsequent falls in a 6-month follow-up (Hadjistavropoulos 
et al.  2007).  As these studies suggest that falling is an independent predictor of 
developing a fear of falling and vice versa, an individual who develops one of these 
outcomes is at a greater risk of developing the other. 
 
A 3-month Tai Chi programme resulted in a reduction in fear of falling based on the 
FES in women living in retirement communities (Taggart, 2002).  There were also 
improvements in balance and functional mobility, but the study was limited by the 
lack of a control group.  A 13-week resistance training programme and an agility 
training programme both resulted in improved balance confidence based on the ABC 
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scale compared to a control stretching programme group in older women (Liu-
Ambrose et al.  2004).  This is despite there being no significant improvement in 
physical performance, although there were trends towards increased postural stability 
and general physical function.  A 10-week tango dancing intervention resulted in 
higher balance confidence measures using the ABC scale, which was accompanied by 
increases in lower limb muscle strength (McKinley et al.  2008).  Caution may be 
necessary to ensure that physical activity does not result in individuals partaking in 
activities beyond their physical abilities and as a consequence increasing fall risk as 
an inappropriately low fear of falling can be detrimental if a falls risk is still present 
(Delbaere et al.  2006b).  However, physical activity that increases confidence in a 
controlled way to increase or maintain independent living is worthy of further 
investigation. 
 
Fear of falling is an important issue to address, as fear may prevent individuals being 
as integrated into their community as they would wish.  A fear of falling may result in 
an even greater reduction in the levels of activity of an individual, therefore further 
increasing the risk of falling as a result of the effects of inactivity.  Physical activity 
interventions have shown a beneficial effect on reducing fear of falling, although 
those most fearful of falling may not be willing to engage in these programmes. 
 
2.8 Conclusions 
The focus of physical activity has shifted since the original ACSM position stand in 
the 1970s from activity to improve fitness to activity for health benefits.  As part of 
this shift, the recommendations are now concentrating on moderate as opposed to 
vigorous intensity activity, whilst still stating the usefulness of vigorous activity for 
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fitness benefits.  It is clear from the recent ACSM guidelines for older persons that 
there is also a shift from generic recommendations to an appreciation that different 
populations may need different health requirements and therefore different activity 
types for the most pertinent health benefits for a particular group of people.  
 
Despite these recommendations and campaigns in many countries to publicise them, 
the adherence to these recommendations is low.  This is despite population subgroups 
in the European Union who are significantly active reporting better self-rated health 
(Abu-Omar et al.  2004).  Of greater concern are the indications that, in some 
countries at least, including the UK, the adherence to these recommendations are 
getting progressively lower.  This could have health repercussions when these 
populations reach old age.  Currently it is not known whether achieving physical 
activity recommendations reduces the risk of falling, but if it does, fall rates in future 
populations could increase above current rates as these populations would have been 
less active throughout their lifetimes. 
 
Research clearly shows the benefits of an active lifestyle in maintaining 
cardiorespiratory fitness, strength, proprioception and balance, although the link to 
reduced fall risk is less clear.  However, these studies have often focussed on 
particular activities, such as Tai Chi, rather than habitual physical activity levels per 
se.  There is currently no research investigating the long-term achievement of physical 
activity recommendations on fall occurrence or fall risk.  This is important as 
recommendations need to address falls as well as the lifestyle issues of obesity, 
stroke, diabetes and cardiovascular disease. 
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Physical activity interventions have shown positive results in improving strength, 
balance and confidence, which shows that some of the declines in these areas with 
ageing can be halted or reversed.  However, long term reduction in falls through these 
programmes will depend on the willingness of individuals to persist with them and the 
accessibility of the activity. 
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Chapter 3: Assessment of lifetime adherence to physical 
activity recommendations; implications for falls in 
community-dwelling older adults 
  
This experimental chapter concerns lifetime physical activity and addresses the first 
two aims of the thesis.  Therefore, the first aim of this study chapter was to develop a 
self-administered questionnaire to assess the achievement of the current physical 
activity recommendations across the lifespan, and to assess whether the achievement 
of these recommendations had any preventative effect on falling.  The second aim of 
this study was to investigate whether there were differences between those who had 
and had not maintained a physically active lifestyle in terms of fall outcome or fear of 
falling.  It was hypothesised that adults who had adhered to the physical activity 
recommendations throughout their lifetime would have been less likely to have 
experienced a fall event and be less likely to report a fear of falling. 
 
 
3.1 Methods 
The development and testing of the Lifetime Physical Activity and Falls History 
questionnaire (LPAFH) involved the following five phases:  
1. initial design of the instrument; 
2. a first pilot in a convenience sample of 24 participants; 
3. a second pilot in a different convenience sample of 11 participants; 
4. a test-retest reliability check on the final version of the LPAFH with 28 
participants; 
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5. the main study, where data were collected in a sample of 314 community-
dwelling older adults using the final version of the LPAFH. 
3.2.1 Phase 1: Initial design of the Lifetime Physical Activity and Falls History 
questionnaire 
The LPAFH was designed to assess how many days per week on average a person 
achieved at least 30 minutes of moderate or higher intensity physical activity in each 
decade of their life from their 20s onwards.  It was also designed to gain information 
about fear of falling, any fall occurrences and outcomes of any fall events. 
 
Following demographic data collection, the first section of the questionnaire assessed 
fear of falling, and used the fear of falling efficacy scale (Tinetti et al.  1990).  The 
second section focussed on past physical activity levels, and asked how many days 
per week that at least 30 minutes of moderate or higher intensity physical activity was 
accumulated in leisure time and in occupational time.  In addition, this section also 
asked how many days per week those 30 minutes of moderate or higher activity were 
not achieved.  This was to confirm any overlap between days of occupational and 
leisure time physical activity.  This form of frequency report is considered appropriate 
when assessing habitual activity (Shephard, 2003).  Examples of moderate and higher 
intensity physical activity for both leisure time and occupational activity were given 
for reference (Whitehead et al.  1995; American College of Sports Medicine, 2000).  
Light-intensity activities were not included as the ultimate goal was to assess the 
current recommendations for physical activity (Department of Health, 2004b) in 
relation to fall risk.  These physical activity questions were split into decades from the 
20s onwards, and respondents were asked to complete each decade including their 
current one. 
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The falls history questionnaire was based on a previous questionnaire (Lord et al.  
2001) and addressed each decade from the 50s onwards.  A fall was defined as a loss 
of balance resulting in the body, or part of the body, coming to rest on the ground 
(Nowalk et al.  2001; Jensen et al.  2002).  A stumble was defined as a loss of balance 
resulting in the body, or part of the body, coming to rest against a wall, a piece of 
furniture or another object which may have prevented a fall.  Further questions asked 
about locations of falls, how the falls occurred, and whether any injuries were 
sustained as a result. 
 
3.1.2 Phase 2: First pilot 
The purpose of the first pilot study was to check the usability of the LPAFH (see 
appendix II).  The participants were a convenience sample of 24 cognitively intact, 
community-dwelling persons over 50.  Thirteen participants were male; eleven were 
female.  The mean age was 66 years (range 50-82).  The participants completed the 
LPAFH questionnaire and gave written feedback on the time taken to complete and 
the ease of the questions to answer.  The main concerns expressed by the respondents 
included that the participants felt the questionnaire took too long to complete, and that 
although they felt confident in their recall on number of falls and when this first 
occurred, if they had suffered more than one fall it was difficult to recall at what age 
each one occurred.  As a result of this first pilot study, some revisions were made to 
the LPAFH (appendix III).  These revisions included the fear of falling section being 
adjusted to include further questions (Powell and Myers, 1995; Hill et al.  1996), to 
provide more information on activities that may be of concern to individuals.  The 
LPAFH was considered too long (20-30 minutes completion time), and was revised so 
the physical activity section was shortened to combine leisure time and occupational 
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physical activity.  It was concluded that these did not need to be separate questions as 
long as both were addressed by the questions asked, and would also reduce the 
incidence of double reporting (Ham et al.  2004).  This also reflected the wording of 
the physical activity recommendations (Department of Health, 2004b), which do not 
differentiate between leisure time and occupational physical activity.  The falls 
section was adjusted to be applicable over the lifetime rather than for each decade, as 
this was considered easier to answer. 
 
3.1.3 Phase 3: Second pilot 
The aim of the second pilot was to check the usability of the adapted LPAFH 
questionnaire, and to confirm that the changes made addressed the concerns raised 
from the first pilot.  The participants for this second pilot were a different 
convenience sample of 11 cognitively intact, community dwelling persons over 63.  
Two participants were male; nine were female.  The mean age was 71 years (range 
63-84).  The participants completed the revised LPAFH questionnaire and gave verbal 
feedback on the questions.  The feedback stated that on the whole the questions were 
easy to understand and to answer.  The only concern was raised about the number of 
points on the fear of falling scale and that this made it difficult to place the answer on 
this relatively long scale.  Based on this feedback, the fear of falling efficacy scale 
was reduced from a 10-point to a 5-point scale. 
 
3.1.4 Phase 4: Test-retest 
The purpose was to determine the test-retest reliability of the final version of the 
physical activity section of the LPAFH.  The fear of falling efficacy scale has 
previously been shown to be repeatable (Tinetti et al.  1990), but test-retest was 
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conducted in this case due to the scale reduction and the additional scale items.  Four 
participants were male; twenty-four were female.  The mean age was 68 years (range 
56-86).  The participants completed the LPAFH twice, 2 months apart as a timeframe 
deemed appropriate in order to minimise ‘memory of responses’ and it was confirmed 
that none of the respondents fall status had changed in the interim two months.  On 
the first occasion the participants completed the questionnaire with the researcher 
present to be able to answer any queries.  The retest questionnaire was distributed 
through the post. 
 
Test-retest reliability was determined using Cohen’s Kappa statistic (Cohen, 1960; 
Sim and Wright, 2005) as an absolute measure of agreement for nominal data.  The 
levels of agreement used were taken from Landis and Koch (1977).  The physical 
activity responses were tested in their answered format (i.e. 0-7 days per week) and 
also by recoding into active and not active enough categories, based on the 5 days per 
week recommendations (Department of Health, 2004b).  The percentage level of 
absolute and relative agreement for each test-retest item was also established. 
 
Test-retest statistics for the physical activity questions can be found in Table 3.1.  For 
number of days active per week, the Kappa statistic showed fair repeatability (Landis 
and Koch, 1977) for each decade (except the 50s which showed slight repeatability). 
No Kappa statistic was computable for the 70s and 80s due to empty categories 
impacting upon the essentially cross-tabulation based analysis.  When the data was 
recoded into ‘active’ and ‘not active’ for each decade based on achievement of the 
current physical activity recommendations, the Kappa statistic showed better absolute 
repeatability ranging from 0.3 to 1.0.  Similarly, percentage of agreement was also 
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improved ranging from 68 to 100%.  When participants were then identified as either 
achieving ‘active’ status over their lifetime (achieving recommendation in every 
decade) or ‘not active’ status over their lifetime (not achieving the recommendation in 
one or more decades) observed Kappa was 0.5 (moderate) with 75.0% same 
classification agreement. 
 
Table 3.1 Test-retest statistics for the physical activity questions in the LPAFH 
Decade Kappa % Agreement Kappa  
active/not 
active 
% Agreement 
active/not 
active 
20s 0.27 75 0.73 89 
30s 0.29 79 0.79 93 
40s 0.35 75 0.48 75 
50s 0.21 54 0.29 68 
60s 0.29 68 0.39 72 
70s - 70 0.78 90 
80s - 67 1.0 100 
 
 
The Kappa statistic for the question “Are you currently afraid of falling?” showed fair 
repeatability (Kappa = 0.34), and 88.9% answered this question the same on both 
occasions.  Test-retest statistics for the individual items on the FES can be found in 
table 3.2.  Some of the Kappa values were not calculated for the individual items due 
to empty categories impacting on the analysis.  Kappa values ranged from moderate to 
substantial agreement, except for using public transport, and a high percentage of 
agreement was observed for all items.  
 
Based on these test-retest statistics, the physical activity questions were considered 
reliable for categorising active or not active enough for each decade across the 
lifecourse.  The shorter scale version of the FES and the additional individuals items 
were also considered reliable in general, with some caution recommended over the 
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“using public transport” item.  It was therefore concluded that the LPAFH 
questionnaire was suitable for use in the main study. 
 
Table 3.2 Test-retest statistics for the revised FES 
FES item Kappa % agreement 
Cleaning the house - 77.8 
Getting dressed/ undressed 0.51 88.9 
Preparing simple meals 0.65 96.3 
Taking a bath/ shower - 74.1 
Simple shopping 0.65 96.3 
Getting in/ out of a chair 0.78 96.3 
Going up and down stairs  74.1 
Walking around the 
neighbourhood 
0.71 92.6 
Reaching into cabinets or 
closets 
- 77.8 
Hurrying to answer the 
door or phone 
- 88.9 
Walking in icy conditions 0.46 59.3 
Getting in/ out of a car - 88.9 
Using public transport 0.18 66.7 
Crossing roads 0.42 77.8 
Using front/ rear steps at 
home 
- 85.2 
Picking an item up from 
the floor 
0.72 92.6 
 
3.1.5 Phase 5: Main study 
The modified, reliable LPAFH (appendix IV) was distributed locally through regional 
chapters of the University of the Third Age (U3A), Age Concern and the Women’s 
Institute.  This involved attendance at meetings to introduce the aims of the project, 
and to answer any questions about the questionnaire.  The LPAFH was also made 
available online through national and regional U3A websites to gain some nationwide 
responses.  Eligibility requirements included that the participants be over 50 years old, 
community-dwelling and cognitively intact.  Three hundred and fourteen respondents 
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returned questionnaires.  Seventy-four were males; two hundred and twenty-eight 
were females.  The mean age was 70 years (range 54-94). 
 
3.1.6 Classification of participants 
The participants were classified into groups based on their questionnaire responses.  
Grouping variables were determined by sex (males = 78, females = 236), physical 
activity (active = 94, non-active = 220), fear of falling (afraid = 87, not afraid = 220), 
fall status (non-faller = 88, faller = 225) and faller type (non-faller = 88, single faller 
= 80, multiple faller = 143). 
 
Differences between average physical activity levels for each decade were 
investigated between males and females using independent t-tests.  Relationships 
between activity levels (active/ not active), sex, fear of falling (afraid/ not afraid) and 
fall status (faller/ non-faller and non-faller/ single faller/ multiple faller) were 
investigated using Chi-squared analysis.  If a 2x2 Chi-square was used, Yates’ value 
for continuity was used.  Independent t-tests were used to identify any differences in 
the fear of falling items between activity levels, sex and fall status (faller/ non-faller).  
The level of significance was set p = 0.05. 
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3.2 Results 
In total, 314 participants completed the LPAFH.  Details of the respondents are given 
in table 3.3. 
 
Table 3.3 Details of the LPAFH respondents 
 Males (n = 78) Females (n = 236) 
Age (years) 71.4 ± 7.5 70.5 ± 7.4 
Height (m) 1.74 ± 0.09 1.62 ± 0.07 
Body weight (kg) 76.2 ± 10.8 66.4 ± 11.4 
University educated 30.8% (24) 26.3% (62) 
Smoker 48.7% (38) 38.1% (90) 
Uses a walking aid 5.1% (4) 10.2% (24) 
Diagnosed with 
osteoporosis 
3.8% (3) 14.8% (35) 
 
3.2.1 Lifetime physical activity levels 
Physical activity levels for males and females are displayed in table 3.4.  The average 
physical activity levels were consistently lower for males than females, apart from 
levels in the 20s, but this difference was only significant for the 30s (t = -2.6, p = 
0.01).  The average physical activity levels only dropped below the recommended 5 
days a week in the 70s for the males, and the 80s for the females. 
 
Table 3.4. Physical activity levels across the decades for males and females (n).          
* indicates a significant difference from the males 
Decade Males (n = 78) Females (n = 236) 
 Mean ± SD days 
per week 
% Achieving PA 
recommendations
Mean ± SD 
days per week 
% Achieving PA 
recommendations 
20s 6.1 ± 1.8 (78) 62.8 (78) 6.1 ± 2.1 (233) 69.1 (233) 
30s 5.7 ± 2.0 (78) 57.7 (78) 6.4 ± 2.0(233)* 76.4 (233) 
40s 5.7 ± 2.0 (78) 59.0 (78) 6.1 ± 2.1 (232) 69.0 (232) 
50s 5.6 ± 2.1 (77) 57.1 (77) 5.7 ± 2.2 (235) 60.9 (235) 
60s 5.2 ± 1.9 (73) 43.8 (73) 5.3 ± 2.1 (213) 51.6 (213) 
70s 4.8 ± 2.0 (40) 35.0 (40) 5.1 ± 2.3 (127) 46.5 (127) 
80s 4.6 ± 2.6 (8) 37.5 (8) 4.9 ± 2.3 (26) 38.5 (26) 
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Figure 3.1 Participants achieving the physical activity recommendations in each 
decade 
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Figure 3.2 Males (♦) and females (■) achieving the physical activity recommendations 
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When the data was recoded into achieving the PA recommendations or not, 67.5% of 
participants had taken part in enough physical activity in their 20s, 71.7% in their 30s 
66.5% in their 40s, 59.9% in their 50s, 49.7% in their 60s, 43.7% in their 70s and 
38.2% in their 80s.  This showed a gradual decrease in respondents achieving the 
recommendations as they got older (see figure 3.1).  Nearly thirty percent of 
participants achieved the recommendations for every decade of their life (and were 
classified as the active group).  There was also a higher percentage of females than 
males achieving the recommendations across all decades (figure 3.2), but as with the 
days per week values, this was only significant for the 30s (χ2Yates = 9.174, p = 0.002). 
 
3.2.2 Fall history 
Twenty-eight percent of respondents had no history of falling, 26% reported a single 
fall, with the other 46% reporting multiple falls (figure 3.3).  The most common 
number of these multiple falls reported was 2-3 falls.  The mean age for the first fall 
was 60.66 (± 11.25) years. 
 
Achievement of at least 30 minutes of at least moderate intensity physical activity on 
at least 5 days of the week during each decade of life for fallers and non-fallers can be 
seen in figure 3.4.  As with the males and females, it was apparent that the percentage 
achieving the recommended levels reduced with increased age category.  The only 
increase in physical activity attainment was for the non-fallers in the 80s, which may 
be due to the low participant numbers in this category (n = 5).  There was no 
significant relationship between physical activity recommendation attainment and 
whether someone had fallen or not (χ2Yates = 3.762, p = 0.052).  When the fallers were 
further split into single fallers and multiple fallers, there was still no significant  
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Figure 3.3 Number of falls in each category 
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Figure 3.4 Percentage of non-fallers and fallers achieving the recommended amount 
of physical activity for each decade and across the lifetime 
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relationship between physical activity attainment and faller type (χ2 = 4.591, p = 
0.101). 
 
There was a significant relationship between sex and fall status (χ2Yates = 11.311, p = 
0.001), with more women having experienced a fall than the expected count.  This 
relationship was also significant with type of fall (χ2 = 12.512, p = 0.002), with 
women more likely to have experienced multiple falls than expected, and less likely to 
have not fallen than expected. 
 
Walking outdoors was the most common place to experience a fall or stumble (see 
figure 3.5), with 154 participants reporting an incidence, followed by walking in icy 
conditions (also normally as outdoors situation; 75 participants) and walking indoors 
(71 participants).  When data was combined into two groups based on location, 
respondents reported 188 fall occurrences in the home and 421 fall occurrences 
outside the home.    
 
The most common type of fall was through a trip (150 participants), followed by a 
slip (112) and a loss of balance (84).  Forty-five participants reported that their falls 
resulted in no injuries.  The most commonly reported injuries were bruises (155 
participants) and cuts/grazes (100 participants).  The most common serious injuries 
reported were back pain (39) and a broken wrist (26).  Two respondents reported a 
broken hip.  When injury types were split into non-serious (no injury, bruises, grazes) 
and serious (fractures, sprains, back pain) groups, there were no significant 
differences in physical activity levels for the decades leading up to the first fall. 
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Figure 3.5 Activity at the time of a fall 
 
3.2.3 Fear of falling 
Table 3.5 contains summary data from completion of the fear of falling section of the 
LPAFH for the male and female categories.  Data identified that 15% (12) males and 
32% (75) females reported a fear of falling.  Chi-squared analysis showed a 
significant difference between males and females reporting a fear of falling (χ2Yates = 
7.416, p = 0.006), with more females and fewer males reporting a fear of falling than 
the expected count. 
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Table 3.5 FES scores per item for males and females (mean ± SD) * indicates a 
significant difference 
 Males Females t-value 
Cleaning the house 4.77 ± 0.73 4.48 ± 0.94 2.811* 
Getting dressed or undressed 4.81 ± 0.58 4.67 ± 0.84 1.641 
Preparing simple meals 4.97± 0.16 4.74 ± 0.83 4.071* 
Taking a bath or shower 4.50 ± 0.84 4.23± 1.10 2.267* 
Simple shopping 4.88 ± 0.51 4.64 ± 0.87 2.959* 
Getting in or out of a chair 4.78 ± 0.64 4.65 ± 0.91 1.369 
Going up and down stairs 4.64 ± 0.76 4.23 ± 1.13 3.608* 
Walking around the neighbourhood 4.78 ± 0.62 4.41 ± 1.03 3.797* 
Reaching into cupboards or closets 4.71 ± 0.65 4.38 ± 1.02 3.304* 
Hurrying to answer the door or 
phone 4.69 ± 0.69 4.39 ± 1.07 2.799* 
Walking in icy conditions 3.55 ± 1.11 2.97 ± 1.32 3.466* 
Getting in/ out of a car 4.72 ± 0.62 4.43 ± 1.03 3.003* 
Using public transport 4.61 ± 0.78 4.26 ± 1.19 2.959* 
Crossing roads 4.67 ± 0.72 4.32 ± 1.06 3.214* 
Using front or rear steps at home 4.78 ± 0.60 4.31 ± 1.12 4.665* 
Picking up an item from the floor 4.62 ± 0.76 4.52 ± 1.02 0.798 
 
 
When the fear of falling data was analysed by task, females had a lower mean rating 
across all items than males (see table 3.5), however the mean confidence rating only 
dropped below 3 for females in icy conditions.  Significant differences were observed 
between males and females for all items except getting dressed/ undressed, getting in 
or out of a chair and picking an item up from the floor. 
 
Table 3.6 contains summary data from completion of the fear of falling section of the 
LPAFH for the active and not active categories.  There was no significant relationship 
between fear of falling and being active based on adherence to physical activity 
guidelines throughout the lifecourse (χ2Yates = 1.242, p = 0.265).  When the fear of 
falling data was analysed by individual item, however, there was a significant 
difference between groups for all activities except picking an item from the floor. 
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Table 3.6. FES scores per item for the active and the not active respondents (mean ± 
SD) * indicates a significant difference 
 Active Not Active t-value 
Cleaning the house 4.73 ± 0.67 4.48 ± 0.97 -2.555* 
Getting dressed or undressed 4.83 ± 0.60 4.65 ± 0.84 -2.072* 
Preparing simple meals 4.91± 0.48 4.75 ± 0.81 -2.174* 
Taking a bath or shower 4.48 ± 0.86 4.23± 1.11 -2.183* 
Simple shopping 4.87 ± 0.47 4.63 ± 0.90 -2.991* 
Getting in or out of a chair 4.86 ± 0.46 4.61 ± 0.96 -3.038* 
Going up and down stairs 4.58 ± 0.79 4.23 ± 1.14 -3.091* 
Walking around the neighbourhood 4.69 ± 0.71 4.43 ± 1.03 -2.561* 
Reaching into cupboards or closets 4.67 ± 0.73 4.37 ± 1.02 -2.972* 
Hurrying to answer the door or 
phone 4.66 ± 0.78 4.39 ± 1.07 -2.514* 
Walking in icy conditions 3.35 ± 1.17 3.01 ± 1.33 -2.253* 
Getting in/ out of a car 4.71 ± 0.72 4.42 ± 1.03 -2.783* 
Using public transport 4.58 ± 0.87 4.25 ± 1.18 -2.668* 
Crossing roads 4.58 ± 0.86 4.34 ± 1.04 -2.140* 
Using front or rear steps at home 4.63 ± 0.78 4.34 ± 1.11 -2.524* 
Picking up an item from the floor 4.67 ± 0.83 4.48 ± 1.01 -1.729 
 
 
There was a significant relationship between fear of falling and whether an individual 
had experienced a fall (χ2Yates = 26.246, p < 0.001) with more fallers expressing a fear 
of falling than the expected count.  This was supported by the relationship between 
fear of falling and type of faller (non faller, single faller, multiple faller) (χ2Yates = 
39.011. p < 0.001), with single fallers showing similar fear of falling numbers to the 
expected count, whilst multiple fallers showed a 59% higher number of respondents 
who were fearful of falling than expected. 
 
When the task data was analysed, the fallers had a lower mean rating across all items 
than non-fallers (see table 3.7).  The mean confidence rating only dropped below 4 for 
the non-fallers and 3 for the fallers in icy conditions.  For all other items, the rating 
was above 4 for both groups.   Significant differences were observed between fallers 
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and non-fallers for all items except getting dressed/ undressed, preparing simple meals 
and picking an item up from the floor. 
 
Table 3.7 FES scores per item for non-fallers and fallers (mean ± SD) * indicates a 
significant difference 
 Non-fallers Fallers t-value 
Cleaning the house 4.75 ± 0.74 4.48 ± 0.94 -2.695* 
Getting dressed or undressed 4.81 ± 0.62 4.66 ± 0.84 -1.786 
Preparing simple meals 4.89 ± 0.52 4.77 ± 0.80 -1.506 
Taking a bath or shower 4.61 ± 0.77 4.18 ± 1.12 -3.817* 
Simple shopping 4.85 ± 0.54 4.65 ± 0.88 -2.418* 
Getting in or out of a chair 4.83 ± 0.61 4.63 ± 0.92 -2.145* 
Going up and down stairs 4.68 ± 0.80 4.20 ± 1.12 -4.168* 
Walking around the neighbourhood 4.80 ± 0.70 4.39 ± 1.01 -4.084* 
Reaching into cupboards or closets 4.69 ± 0.69 4.37 ± 1.03 -3.156* 
Hurrying to answer the door or 
phone 4.74 ± 0.69 4.36 ± 1.08 -3.603* 
Walking in icy conditions 3.72 ± 1.18 2.87 ± 1.26 -5.447* 
Getting in/ out of a car 4.67 ± 0.79 4.45 ± 1.01 -2.041* 
Using public transport 4.64 ± 0.78 4.23 ± 1.20 -3.554* 
Crossing roads 4.67 ± 0.71 4.31 ± 1.08 -3.393* 
Using front or rear steps at home 4.71 ± 0.73 4.32 ± 1.11 -3.645* 
Picking up an item from the floor 4.66 ± 0.76 4.50 ± 1.03 -1.475 
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3.3 Discussion 
3.3.1 Design of an instrument 
The LPAFH was designed to be an easily administered and time-economical tool for 
the assessment of lifetime physical activity and fall occurrence.  The focus of interest 
for the physical activity questions centred around the achievement of the UK 
recommendations of a minimum of 30 minutes moderate intensity activity on at least 
5 days of the week (Department of Health, 2004b).  These recommendations focus on 
the amount and intensity of activity as opposed to the specifics of the activity, so the 
LPAFH was designed to reflect this.  The LPAFH, therefore, is structured differently 
to previous questionnaires and interviews that have investigated retrospective lifetime 
physical activity levels recall (Kriska et al.  1988; Friedenreich et al.  1998; Chasan-
Taber et al.  2002; Littman et al.  2004; Orsini et al.  2007).  Whilst having more 
specific knowledge about physical activity during the lifecourse may be of interest 
particularly in relation to any additional specific health-related physical activity 
requirements, this detailed level of information may be difficult to recall accurately 
from the participants’ distant past. 
 
The LPAFH considers occupation and household physical activity in addition to 
leisure time (as the Department of Health recommendations do not differentiate), 
unlike some questionnaires that do not consider all of these aspects of physical 
activity (Kriska et al.  1988; Littman et al.  2004).  Consequently, these questionnaires 
that do not consider occupational or household physical activity may under-represent 
the amount of physical activity an individual has undertaken.  This has implications 
for quantifying the efficacy of activity in relation to health benefits.  
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The test-retest of the individual items regarding the number of days per decade upon 
which the recommendations were achieved, using Cohen’s Kappa statistic (Cohen, 
1960), suggests that this information cannot be recalled reliably.  This is despite the 
relatively simple wording of the physical activity questions and the absence of the 
need to recall specific details about any activity.  Kriska et al. (1988) used the Kappa 
statistic and accepted values of 0.39-0.47 as a fair agreement for their test-retest on 
questions relating to how often respondents participated in physical activity.  This 
shows a better reliability than the days per week question in the present study 
(although the levels can be classed as slight to fair agreement), but lower reliability 
than the recoded active enough / not active enough questions (showing substantial 
agreement for some decades).  When the repeatability of individual decade items was 
analysed using percentage of correct re-classification, this method showed the 
repeatability to be high, only dropping below 70% for the participants recalling their 
physical activity levels in their 50s and 60s.  This lower repeatability for the 50s and 
60s may be a factor of career changes or retirement that occurred during these 
decades.  Percentage agreement for the active enough / not active enough categories 
only fell below 70% in the 50s.  Based on the combined information from these 
Kappa figures and the percentages of correct reclassification, the LPAFH can be used 
as a reliable measure of physical activity recall in relation to attainment of the 
recommended physical activity guidelines for health in studies of this nature with 
similar samples of participants. 
 
The format of the LPAFH was not altered after the poor reliability measures on the 
questions regarding number of days per week of physical activity.  The questions 
could have been adjusted to ask simply “Did you achieve at least 30 minutes of 
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moderate or higher intensity physical activity on at least 5 days of the week?”  This 
dichotomous approach was considered too leading, and it was concluded that the 
current format of the questions was simple to recode into “active enough” and “not 
active enough” categories and negated any potential to lead the responder into a 
particular answer. 
 
The Falls Efficacy Scale has been investigated for repeatability previously (Tinetti et 
al.  1990), but based on a 10-point rather than a 5-point scale.  Although the Kappa 
statistic showed only fair repeatability for the question “are you currently afraid of 
falling?” the finding that 88.9% of participants answered this question the same on 
both occasions suggests that the repeatability for this question is high.  With the 
individual items, the repeatability was over 70% except for walking in icy conditions 
and using public transport.  This demonstrates the reliability of a 5-point scale version 
of the FES. 
 
The FES has also been modified for use in other studies.  One adaptation is the FES-
International (FES-I; (Yardley et al.  2005), which increased the items to 16 and used 
a shortened 4-point scale.  The scale was shortened in the FES-I as the authors 
considered a 10-point scale to lack meaningfulness to respondents.  This supports the 
use of a reduced scale in the LPAFH.  Some of the items were re-worded so that the 
items were applicable to a wider geographical area, e.g. walking in icy conditions was 
modified to walking in slippery conditions.  The FES-I may be a useful addition to the 
LPAFH questionnaire instead of the current modified FES, as this would allow the 
tool to be used in all climatic regions.  However, as this current LPAFH data 
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collection was conducted in early 2005, and the FES-I was published in November 
2005 there was not the option to utilise the FES-I in this particular study. 
 
3.3.2 Main study 
There is a potential bias in using a volunteer sample such as this, as the sample may 
not accurately represent the community-dwelling population at large in this age group.  
This community-dwelling sample is probably not representative of older people as a 
whole, as many older people may live in restrictive, sheltered or nursing 
accommodation.  As a result, the population in this study are likely to represent the 
healthier portion of the older population, and possibly also the more active. 
 
More women (75% of sample population) than men took part in this study, and this 
appears to be the trend in other studies investigating falls in older people.  Two-thirds 
of participants were women in a study by Nordell et al. (2000) and 75% were women 
in a study by Keegan et al. (2004), although both of these studies only used 
participants who had already experienced a fall or fracture rather than a general 
community-dwelling older population.  This bias towards women respondents has 
implications for the summary data from these studies, as conclusions that are formed 
from the summary data may be more reflective of the female population than the 
population as a whole.  Therefore, caution must be exercised when applying the 
findings from these female-dominated studies to the male population. 
 
3.4.3 Lifetime physical activity 
The respondents in this study have shown high physical activity levels throughout 
their lifetime, with the percentage of individuals adhering to current physical activity 
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recommendations only dropping below 50% in the 60s for the men and the 70s for the 
women.  The findings from the current study show higher adherence than population 
findings in England from 2003 when direct comparisons are made across each age 
group (Department of Health, 2004a).  This is also mirrored by the finding in the 
present study that less than 10% of women failed to participate in any activity on any 
day of the week in all decades and less than 10% of men in all decades except the 80s.  
These are considerably lower rates of complete inactivity than the population figures 
which indicate that 32% of men and 40% of women across the 16-75+ age bands fail 
to achieve 30 minutes of moderate intensity activity on any day of the week 
(Department of Health, 2004a).  This confirms that the volunteer population represent 
a very active subset of the population. 
 
A report further investigating the data from the Allied Dunbar national fitness survey 
(Sports Council and Health Education Authority, 1992) also reported self-reported 
participation in physical activity from the age of 16 (Skelton et al.  1999).  Although 
the definitions used for regular activity were different than the current physical 
activity recommendations, 80% of men and 64% of women reported themselves as 
being regularly active between the ages of 16-24.  This steadily declined with 
increasing age, with 68% of men and 51% of women being regularly active between 
the ages of 25-34, and 54% of men and 45% of women being regularly active between 
the ages of 35-49.  These findings are slightly lower than the reported level of activity 
in the respondents of the LPAFH, however regular activity only included sports and 
exercise activities, so the levels would be lower than for the LPAFH which has 
included occupational and household activity.  Despite the Allied Dunbar data not 
including non-exercise related activity, the report suggests that the level of activity 
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reported from the LPAFH is appropriate for this older population.  Therefore, the 
more recent cross-sectional data (Department of Health, 1999; Department of Health, 
2004a) showing much lower adherence to the physical activity recommendations 
across the 16-75+ age bands than reported here suggests that this could be due to the 
increasing levels of inactivity in the British population. 
 
The number of respondents adhering to the physical activity recommendations 
steadily decreases with increasing age.  This decrease in activity with age has been 
shown in cross-sectional studies (Crespo et al.  1996; Department of Health, 1999; 
Livingstone et al.  2001; Department of Health, 2004a; Chad et al.  2005), and with 
retrospective data (Skelton et al.  1999).  The current study demonstrates that this 
decrease in activity is a process that occurs with age rather than purely a difference in 
behaviour across generations.  This has implications for policy recommendations 
where the importance of maintaining physical activity levels with increasing age 
should also be emphasised. 
 
In a cross-sectional study in Switzerland, 33% of 50-64 year olds and 29.1% of 65-79 
year olds did no physical activity (Meyer et al.  2005).  This shows a far greater level 
of inactivity than the present study.  However, this Swiss study only took into account 
leisure time physical activity rather than including occupational or household physical 
activity, which may account for the difference in the age groups that may still be in 
regular employment and in those individuals that participate in predominantly 
household-based activity.   
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The female participants in this study were more active than the male participants in all 
decades, although this difference was only significant in the 30s.  This is in contrast to 
a cross-sectional study of adults aged 18-65 in Ireland, which found males to be 
significantly more active than females in all age groups (Livingstone et al.  2001), and 
a cross-sectional study of adults aged 18 to over 65 in the USA, which found more 
males than females met the physical activity guidelines in all age groups (Jones et al.  
1998).  This study from the USA was limited by household activities not being 
included in the analysis, and the study from Ireland investigated energy expenditure to 
classify activity levels as opposed to using physical activity recommendation 
attainment.  The types of physical activity engaged in have been demonstrated to be 
different between men and women.  Males were more active than females in 
occupational and leisure time activities, whilst females were more active than males 
in household pursuits (Livingstone et al.  2001).  These results were mirrored in a 
South African study which also found women to be far more active in household 
pursuits than men (Kolbe-Alexander et al.  2004), although this study was conducted 
among a lower socio-economic group.  These different activity patterns indicate that 
men and women need different approaches to encourage a more active lifestyle. 
 
There is an increase in the proportion of men reaching the recommendations from the 
45-64 age group to the 65 and over age group in this US study (Jones et al.  1998).  
Due to the cross-sectional nature of the study, it is impossible to know whether men in 
this age group have been more active during their lives than the men in the younger 
age groups, whether there is a bias towards more active men as respondents in this age 
group, or whether due to retirement these men have more time to engage in physical 
activity and therefore have increased their activity levels. 
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The Allied Dunbar national fitness survey (Sports Council and Health Education 
Authority, 1992) found that the average duration of activity could be between 1 and 2 
hours depending on the intensity.  The duration was not assessed in the present study 
beyond the 30 minute threshold, but it is possible that there may be health benefits 
from longer activity sessions on less than 5 days of the week that may not be 
accounted for.  For some individuals, it may be more practical to accumulate enough 
physical activity over a weekly cycle rather than a daily and weekly cycle.  Further 
research is needed to determine whether the benefits of physical activity accumulated 
over a week are just as compelling as on a 5-day per week schedule. 
 
Women have shown a tendency to overestimate their physical activity levels rather 
than underestimate it after a 32-year follow-up period (Lissner et al.  2004), however, 
the recall of moderate and light levels of activity after a 30-year follow-up period 
were more reliable than for vigorous levels of activity in both men and women 
(Falkner et al.  1999)  It is possible that light and moderate levels of activity are more 
routine activities and therefore are easier to recall reliably from the distant past.  This 
suggests that in studies of this nature, there may be some benefit in wording questions 
to reflect different intensities of activity for increased recall accuracy.  The ability to 
accurately recall physical activity levels in the distant past will always present a 
limitation to studies of this nature.  However, unless a study is able to be longitudinal 
over several decades, recall questionnaires are a necessary method to evaluate the 
etiological effects of physical activity on the development of subsequent chronic 
disease or conditions.  Therefore, limitations need to be accepted and questionnaires 
designed to limit recall error as much as possible.  In addition, questionnaires are the 
 67
only feasible method of assessing habitual physical activity in larger populations 
(Shephard, 2003). 
 
3.4.4 Physical activity and falls 
The findings of this study suggest that the attainment of the current recommendations 
of 30 minutes of physical activity on five days a week (Department of Health, 2004b) 
does not significantly reduce fall occurrence compared to individuals who have not 
achieved these recommendations.  However, there is a trend towards fewer falls in the 
more active participants which deserves further investigation.  There is no 
preventative factor in the risk of having multiple falls compared to single falls or no 
falls.  There are possible explanations for this non-significant finding for activity and 
fall occurrence.  It is possible that physical activity does not have a protective effect 
against falling.  However, there are many studies that suggest that physical activity 
does have benefits for fall prevention (Carter et al.  2001).  This evidence has 
consisted of retrospective and intervention studies.  There have been previous reports 
of decreased fall occurrence in those who have led an active lifestyle (Bischoff et al.  
2001), although this was only apparent in women and not in men. 
 
Many studies do not investigate falls directly but at characteristics associated with 
increased stability and mobility.  For example, long-term Tai Chi practitioners have 
been shown to have better postural stability than non-practitioners (Hong et al.  2000; 
Wong et al.  2001), women who participate in lawn bowls demonstrate reduced 
postural sway compared to controls (Brooke-Wavell and Cooling, 2009) and Tai Chi 
interventions have resulted in increased muscle strength in the lower limbs (Lan et al.  
1998).  Falls can occur for many reasons, and it is fair to assume that an active 
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lifestyle is not going to be the sole reason to protect against a fall event.  However, 
this trend towards decreased fall occurrence in those who have been active presents 
another reason to continue promoting physical activity as a preventative form of 
medicine.  Further research is needed to clarify whether the recommendations need 
more specification such as strengthening or balance activities to enhance this 
preventative trend. 
 
A review of physical activity studies suggested that the relationship between physical 
activity and falling is U-shaped, with those least and most active at the highest risk of 
falling (Gregg et al.  2000).  By categorising the respondents based on their adherence 
to the physical activity recommendations; this may have resulted in comparing the 
very active with the completely sedentary and therefore masked any benefits of 
achieving the physical activity recommendations across the lifecourse.  It is possible 
that even if lifetime physical activity does not have a significant protective effect 
against falls, that lifestyle choice can influence the type of fall.  Higher current levels 
of leisure-time physical activity have been associated with outdoor, but not indoor 
falls, with the highest proportion of these outdoor falls occurring during walking (Li 
et al.  2006).  It is possible that individuals who engage in more leisure time activity 
spend more time outdoors, therefore increasing the risk of falling outdoors as opposed 
to individuals who spend proportionately more time indoors.  Three-quarters of the 
outdoor falls have been reported to have been precipitated by one or more 
environmental causes (Li et al.  2006), as opposed to intrinsic factors.  This suggests 
that physically active older persons may have different fall patterns than those less 
active.  This has implications for the design and adoption of appropriate fall 
prevention strategies. 
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Higher current levels of physical activity are associated with the reduced risk of 
fracture resulting from a fall (Keegan et al.  2004), and regular walking is associated 
with a reduced risk of hip fracture in post-menopausal women (Feskanich et al.  
2002).  In terms of osteoporotic fractures, lifelong physical activity has been 
promoted as the most effective method of prevention as physical activity can increase 
bone mass, density and strength (Kannus, 1999).  Although the preferable outcome 
would be the prevention of a fall event occurring in the first place, if falls do occur, 
habitual physical activity offers protection against the most serious of fall outcomes. 
 
3.4.5 Falls 
Despite the high activity levels of this study population, only 28% had no history of 
falling.  This high fall occurrence rate shows that despite the participant population 
being highly independent and community-dwelling, they still represent an “at risk” 
group for experiencing a fall and are as noteworthy a study population for falls 
research as more frail populations. 
 
A greater proportion of women than men had experienced a fall in this study.  This 
finding may have been influenced by substantially more women than men having 
participated in this study, although this finding has been reported previously 
(Department of Health, 2007).  This may be related to the different physical activity 
patterns observed in this and other studies between men and women.  This also 
indicates that falls prevention programmes may require different strategies for men 
and women, or that women need to be targeted more by these prevention 
programmes. 
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The current study shows that the majority of falls in community-dwelling older 
persons occur outside the home.  This is supported by earlier studies which found that 
only 23% of falls occurred inside the home in community-dwelling older persons 
(Berg et al.  1997), 39% of falls occurring outdoors (Nordell et al.  2000), 58% 
reporting the most recent fall occurring outdoors (Li et al.  2006), and 79% of falls 
occurring outdoors in a 12-month follow-up (Pajala et al.  2008).  As this population 
is independent and community-dwelling, it follows that they are going to be in more 
challenging situations within the community than those who are frail and spend more 
time indoors.  Therefore, falls prevention programmes should be designed to reflect 
the target population by addressing the different challenges faced in activities of their 
daily living. 
 
Sixty-six percent of participants who had fallen reported at least one fall being as a 
result of a trip, with 50% reporting a slip.  This is more than the 34% percent of falls 
that have been documented as resulting from a trip and 25% from a slip in 
community-dwelling older persons (Berg et al.  1997), and the 30% of falls reported 
from a trip or a slip in 65-74 year olds (Nordell et al.  2000).  However, this may be 
due to the reporting of the figures.  In the current study, the number of participants 
reporting a certain type of fall circumstance was reported rather than the number of 
falls of those types.  This is because some of the respondents could not remember how 
many falls of different circumstances they had experienced but could recall that they 
had at least one fall of this type.  This may cause a distortion when comparing figures 
to these previous studies. 
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Trips have been documented as resulting predominantly in forward falls, as have slips 
and faints at fast gait speeds (1.9 ± 0.16 m.s-1) (Smeesters et al.  2001).  The majority 
of falls occurring outdoors have been reported to be in the fall forward direction (Li et 
al.  2006), suggesting that the majority of falls are resulting from these circumstances.  
However, at slower gait speeds (< 1.43 ± 0.13 m.s-1), slips resulted in sideways or 
backwards falls, and faints resulted in a greater number of sideways falls, with impact 
near the hip (Smeesters et al.  2001).  This gait speed value, however, represents a 
comfortable and normal walking speed (Bohannon, 1997).  This study by Smeesters et 
al. was conducted on young adults in induced falls, but assuming that the findings are 
also valid for older adults, individuals with normal or slower gait speeds who 
experience falls through slipping or fainting are going to be more at risk of fracturing 
their hip as a fall to the side has been reported as a risk factor for hip fracture in 
elderly persons (Greenspan et al.  1998), with the impact on the hip or the side of the 
leg being the biggest risk factor (Hayes et al.  1993). 
 
The majority of the participants in the present study reported no or minor injuries as a 
result of a fall, with only two reporting a hip fracture.  These fall outcome figures are 
similar to previously reported data.  During a 12-month study period, 47% of 
participants reported an injurious fall (Cummings et al.  1988).  Most of these 
reported injuries were minor, with 51% of injuries being bruising or swelling.  Four 
percent of participants who fell reported a fracture (Cummings et al.  1988), and 5% 
of falls resulted in a fracture in another study over a 12-month period (Berg et al.  
1997).  These findings demonstrate that fractures, although a serious outcome, only 
occur in a relatively low percentage of falls. 
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Thirteen per cent of participants who fell in the study by Cummings et al. (1988) did 
not recall those falls at the end of the 12 months, and 7% of participants stated at the 
end they had fallen in the 12-month period who had not fallen in that time.  The study 
also found that of those reporting to a nurse after a fall in the 12-months, 52% did not 
recall having a fall and 40% did not recall having a fall-related injury in the same 
period.  This suggests that it is not only non-injurious falls that may be forgotten, but 
also falls with more serious consequences.  The participants forgetting injuries tended 
to be only those sustaining minor injuries.   However, this study by Cummings et al. 
just covered a 12-month period and the recall difficulties may have had more to do 
with placing the fall in time rather than the fall event, i.e. the fall may not have been 
forgotten, but the accuracy of recall of when the fall took place may be a problem. 
This may have implications for the accuracy of stating when a first fall occurred in the 
present study. 
 
3.4.6 Fear of falling 
The prevalence of fear of falling was 28.4% in the study population.  This prevalence 
is lower than the previously reported figures of 43% in community-dwelling older 
people (Tinetti et al.  1994), but higher than another previous report of 20.8% 
(Friedman et al.  2002).  When compared to previous fear of falling data from 
England, the current study has lower reports of fear than the 46% who reported being 
a little afraid and the 11% that reported a marked fear of falling (Yardley and Smith, 
2002).  However, these figures from Yardley & Smith were from community-
dwelling individuals aged 75 and over, as opposed to the current study population 
which had an average age of approximately 70, which may account for some of this 
difference.  Of the non-faller group in the current study, only 6.9% of the respondents 
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expressed a fear of falling.  These results show that community-dwelling individuals 
who have not experienced a fall do not fear falling.  This is supported by previous 
reports suggesting that those who have fallen have a higher fear of falling than those 
who have not fallen (Li et al.  2003; Scheffer et al.  2008).  It has been previously 
reported that non-fallers with a fear of falling are more likely to report falls after a 20-
month follow-up period than those non-fallers with no fear (Friedman et al.  2002).  
Therefore, non-fallers who do fear falling may be a suitable group to target with falls 
prevention programmes. 
 
It has been suggested that using situation-specific tasks may limit the usefulness of 
these fear efficacy scales.  In particular, walking in icy conditions may be beyond the 
experience of older adults living in more temperate geographical regions (Hill et al.  
1996).  However, as the present study was conducted in the UK the use of a climate-
dependent item such as walking in icy conditions was appropriate.  This was 
supported by the lowest confidence rating in all groups of participants in the present 
study being for this walking in icy conditions item, demonstrating it was an activity 
that respondents felt most at risk of falling whilst engaged in.  This item has been 
changed to walking on slippery surfaces in the FES-I (Yardley et al.  2005).  This 
could be a good compromise for future studies to keep an item that clearly causes 
anxiety, whilst wording the item appropriately that it is applicable in more regions of 
the World. 
 
Items on the FES have been criticised for not being situation-specific enough, 
therefore being prone to inconsistencies with individual interpretation (Powell and 
Myers, 1995).  The FES has also been criticised for not having the sensitivity to 
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assess loss of balance confidence in higher functioning seniors (Powell and Myers, 
1995).  Although the respondents from this study gave scores from fairly confident to 
completely confident on the items, there were still significant differences detectable 
between the faller and non-faller groups, despite the respondents all being 
community-dwelling.  These differences were apparent across a range of items, such a 
walking in icy conditions, cleaning the house and taking a bath, rather than being 
isolated to a single task.  This shows a lower confidence in the ability to carry out 
many different everyday tasks for fallers than non-fallers, for women than men, and 
for the inactive respondents than the active respondents. 
 
3.4.7 Limitations 
There has never been, and never will be, a randomised, double-blind, placebo-
controlled trial demonstrating that physical activity in youth, adulthood or old age 
reduces fall risk in older persons (Karlsson, 2004).  It is not possible to conduct such a 
study blinded, as the participants will always know if they are randomised to physical 
activity or not.  Even if the study was conducted un-blinded, it would be ethically 
unacceptable to randomise individuals to a no-physical activity group.  Therefore, 
despite the limitations of a retrospective questionnaire such as this one, this method is 
the only feasible way to assess lifetime physical activity levels in a current group of 
older adults. 
 
3.4.8 Conclusions 
This is the first time that a questionnaire tool has been designed specifically to 
retrospectively assess the long-term adherence to physical activity recommendations 
for health in relation to fall occurrence in older adults.  When the physical activity 
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information was coded into two categories based on achieving or not achieving the 
recommended activity levels, this data could be collected reliably. 
 
The sample population in this study were very active overall, and have been very 
active as a whole throughout their lifetime.  Despite this high level of activity, a 
substantial proportion of this group had experienced at least one fall.  This implies 
that although this population are highly-functioning, they are still worthy of 
investigation in falls prevention studies. 
 
There was a trend towards fewer reported falls in those who had adhered to physical 
activity guidelines throughout their lifetime than those who had not been active 
enough, although this was not significant.  Therefore, the findings from this study do 
not support the original hypothesis.  This lack of significance is not too disheartening, 
as the aetiology of falls is multi-factorial (Tinetti, 2003) and it is unrealistic to expect 
falls to be prevented purely through physical activity.  However, the evidence 
suggests that aside from the other health benefits of a physically active lifestyle, there 
is a tendency towards fewer falls in those that are active.  Findings from interventions 
have shown activities such as Tai Chi (Li et al.  2004) to be beneficial in reducing fall 
rates, suggesting physical activity that incorporates balance training is of benefit.  
Further research is needed to identify whether physical activity guidelines need to 
incorporate specific types of activity to decrease fall risk as well as generic advice for 
health.  The ACSM has recently incorporated strength and balance activities into their 
guidelines aimed specifically at older adults (Nelson et al.  2007), however, it may be 
of more benefit to incorporate these activities into guidelines aimed at all adults to 
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develop habitual physical activity patterns earlier in life and to develop these strength 
and balance benefits throughout the lifetime rather than once people are already old. 
 
The majority of the falls occurred during activities outside of the home, mirroring the 
results of previous studies in community-dwelling older adults (Berg et al.  1997; 
Nordell et al.  2000; Li et al.  2006).  This suggests that falls are more likely to occur 
during dynamic activities such as locomotion.  Research on these areas of daily 
activity to establish any detectable differences between those who fall and do not fall 
may assist in the identification of those at risk of falling and to provide a greater 
understanding of the mechanisms involved in placing an individual at increased risk 
of experiencing a fall event.  This will help to identify the individuals who would 
benefit most from physical activity interventions, to develop interventions specifically 
to decrease the risk of falling based on the differences that may be present in the 
balance control systems, and may have implications for future physical activity 
recommendations both for the general and older populations. 
 
This study shows that leading a physically active life, based on physical activity 
recommendations, does not have a preventative effect against experiencing a fall in 
older adults.  Therefore, in order to re-address the recommendations for physical 
activity with falls prevention in mind, a greater understanding of the physical changes 
that may place certain community-dwelling older adults at greater risk of falling than 
others is required.  From the literature, physical activity has been linked with 
increased postural stability, gait function and ability to carry out activities of daily 
living.  Therefore, the biomechanical assessment of these activities based on falls 
status in older adults in the following empirical chapters of this thesis (Chapter 6-7) 
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will provide insight into risk factors for falls in this population and also target areas 
for physical activity recommendations and interventions to reduce the risk of falling 
in the community-dwelling older population. 
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Chapter 4: Static and dynamic stability: implications for 
falls: Review of Literature 
 
4.1 Introduction 
An important prerequisite to the development of fall prevention programmes is an 
improved understanding of the biomechanical and neuromuscular variables that 
govern stability.  The ability to stand upright on two feet is important in itself, and 
also as a precursor to the initiation of other activities of daily living (Winter et al.  
1998).  This ability to stand upright is challenged by the human body being an 
inherently unstable system, due to two-thirds of the mass of the body being located 
two-thirds of body height above the ground (Winter, 1995b).  As a result the body’s 
centre of mass (COM) is located high above a relatively small base of support (the 
feet), so human stance requires that a large body consisting of multiple flexible 
segments is kept in an erect posture (Masani et al.  2006).  Consequently, the body 
has a high potential energy, leading to the priority of equilibrium control during 
almost all motor tasks (Gatev et al.  1999). 
 
There are three major sensory systems involved in balance and posture – visual, 
vestibular and somatosensory – which have all been reported to deteriorate with 
increasing age.  The visual system is primarily involved in planning locomotion and 
in obstacle avoidance (Patla, 1997; Marigold, 2008).  Visual acuity and 
accommodation have been shown to decline with increasing age (Cristarella, 1977) as 
has visual sensitivity to motion (Wojciechowski et al.  1995).  The vestibular system 
acts as a gyroscope, which senses linear and angular accelerations (Winter, 1995b).  
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Vestibular function declines with age through hair cell degeneration, otoconial 
degeneration in the otolith organs, and decreasing number of Scarpa's ganglion 
neurons (Rauch et al.  2001).  The somatosensory system consists of a multitude of 
sensors that sense the position and velocity of the body segments, their contact with 
external objects, and the orientation of gravity (Winter, 1995b).  Age-related declines 
in proprioception (Skinner et al.  1984; Shaffer and Harrison, 2007) and in tactile 
sense in the big toe (Tanaka et al.  1996) have been reported which may have 
implications for the ability of the somatosensory system to contribute to the 
maintenance of balance.  
 
As a consequence, this reported degeneration of the balance control system with 
increasing age has encouraged further research to understand more about how the 
system works and how to quantify its status at any point in time.  This could help the 
understanding of the factors that place some older adults at an increased risk of 
suffering a fall event during what would appear to be relatively non-problematic 
everyday tasks.  Therefore, this literature review will focus on the control of balance 
in three such tasks – standing, walking and turning. 
 
4.2 Postural control when standing 
It is impossible to stand motionless as even when standing quietly on both feet 
(Stevens and Tomlinson, 1971), the body sways over its base of support.  This is 
termed postural sway and is the corrective body movement resulting from the control 
of body position (Sheldon, 1963).  Postural stability can be defined as the ability of an 
individual to maintain the position of their COM within specific boundaries of space, 
which are termed stability limits (Lord et al.  2001).  The ability to control postural 
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balance is a prerequisite to performing many of the activities of daily living and 
underpins the ability to maintain an independent lifestyle (Bryant et al.  2005).   
 
4.3 The inverted pendulum model for standing 
Postural sway during quiet stance has been modelled as an inverted pendulum, where 
the body sways above the base of support using the ankle joint as the pivot in the 
sagittal plane, and as a parallelogram pivoting around both the hip and ankle joints in 
the frontal plane (Winter, 1995b).  This inverted pendulum model relates the 
controlled variable (COM) with the controlling variable of the centre of pressure 
(COP).  The COP is the point location of the ground reaction force vector and 
represents a weighted average of all the pressures over the surface of area in contact 
with the ground (Winter, 1995a).  The inverted pendulum model assumes that the 
body above the ankle joint is rigid and rotates about the ankle, whereas in reality, the 
body is actually multi-segmented.  The presence of joints and soft tissues make it 
difficult to move the body as a completely stiff inverted pendulum.  However, the 
antero-posterior (AP) and medio-lateral (ML) movements of the whole body COM 
are highly correlated with the COM of the individual body segments (Gage et al.  
2004), and the angular motions of the ankle are correlated with the COP excursions in 
the AP direction with no similar correlations of hip or knee angle (Gatev et al.  1999).  
These findings suggest that despite the body being comprised of multi-linked 
segments, there is almost synchronous sway of the body parts, further supporting the 
inverted pendulum model.  
 
A uniform offset between the COP and COM positions of sufficiently long duration 
would imply accelerations and displacements inconsistent with quiet standing, 
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therefore the COP and COM positions must vary about each other (Benda et al.  
1994).  The COP amplitude is slightly larger than the COM in both the AP and ML 
directions (Winter et al.  1998) as the COP tracks the COM and oscillates either side 
of the COM to stabilise it around a central position (see figure 4.1).  This is consistent 
with the inverted pendulum model.   
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Figure 4.1. Representative data of the COM and COP positions during quiet standing 
 
The difference between the COP and the COM during quiet standing has been shown 
to be a reliable variable (Corriveau et al.  2000; Corriveau et al.  2001), and reflects 
the relationship between the controlling and controlled variables in the balance 
mechanism of quiet standing when approximated using an inverted pendulum model 
(Masani et al.  2007).  The COM-COP variable has been shown to be proportional to 
the horizontal acceleration of the COM  (Winter, 1995b).  This high correlation of the 
acceleration of the COM with the COM-COP separation further supports the inverted 
pendulum model in quiet standing (Gage et al.  2004).  The COM-COP separation 
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may be viewed as the “error” signal in the balance control system which causes the
COM’s horizontal acceleration.  This high negative correlation between the COM-
COP separation and the COM acceleration means that when the COP is anterior to 
COM the acceleration is backward, and vice versa when the COP is posterior to the 
COM (Winter, 1995b).  The same negative relationship between the COM-COP 
separation and the COM acceleration applies in the ML direction.  However, the 
excursions of the COP and the COM are greater in the AP than the ML direction i
normal standing and in young, healthy adults (Hasan et al.  1996). 
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 is hypothesised that the postural control system adopts a control strategy that relies 
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ifferences in the COM-COP magnitude have been reported between young (age 22.9 
rger et 
It
primarily on velocity information and can modulate the muscle activity in an 
anticipatory manner (Masani et al.  2003).  Any change in the velocity of the C
indicates the direction and intensity with which the current COM position will 
change.  The COM velocity information is therefore important for anticipating h
COM position will change and what corrective measures need to be taken by the 
central nervous system (CNS) to compensate for these positional changes (Masan
al.  2003).  There are no specific receptors for detecting the COM, so the CNS must 
integrate multi-sensory information to obtain information on the COM position and 
velocity (Morasso and Schieppati, 1999), for these compensations for balance contro
to occur. 
 
D
± 4.0 years) and elderly adults (age 81.2 ± 6.3 years) in both the AP and ML 
directions, but not between young and senior adults (age 69.2 ± 2.4 years) (Be
al.  2005a).  There were also significant differences in the mean velocity of the COM 
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between the young and the older populations, but the COM velocities were not 
separated into AP and ML directions.  This study was conducted only in the eye
condition to correspond to normal life situations.  However, by also conducting the 
study with eyes closed, this may have given information about the ability to adapt 
balance control in low-light conditions, which is also a normal life situation.  
 
s open 
erger et al. (2005b) further investigated standing balance in elderly fallers and non-
de of 
ar 
omputer modelling of COM and COP relationships during standing show that a 
ce 
rent tasks, 
B
fallers in a subsequent study with community dwelling but highly inactive (walked 
less than 1 km.day-1) and fairly old (mean age of over 84 years) participants.  
Significant differences were observed between groups for the area and amplitu
COM-COP separation, with larger values observed for the faller group.  The larger 
amplitude in the faller group was interpreted to be caused by increased neuromuscul
activity during quiet stance compared to the non-fallers (Berger et al.  2005b).  It 
remains to be determined, however, if these differences between fallers and non-
fallers are also present in more active community-dwelling populations. 
 
C
person can tolerate higher anterior velocities of the COM at more posterior COM 
positions without initiating a fall (Pai and Patton, 1997).  As the COM moves to a 
more anterior position, the anterior velocity of the COM has to be reduced for balan
to be maintained.  This suggests that balance is not based so much on COM position 
limits, as COM velocity-position limits.  Very few studies, however, have 
investigated the velocity and acceleration of the COM variable during diffe
including quiet standing. 
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4.4 The ankle and hip strategies for balance control 
The ankle strategy was first proposed for balance control in the sagittal plane in 1985 
by Nashner & McCollum.  The ankle strategy applies during quiet standing and 
predicts that the ankle plantarflexors and dorsiflexors control the inverted pendulum.  
The ankle plantar/ dorsiflexor mechanisms have been shown to be dominant when 
standing with a natural stance width (Gatev et al.  1999), with the ankle plantarflexors 
activating to overcome the destabilising torque of gravity on the COM (Runge et al.  
1999).  This stabilisation potential of the ankle plantarflexion torque has limitations, 
because the moment of inertia of the whole body around the ankle joint is quite high 
and significant plantarflexion torque will cause the heel to rise (Kuo, 1995).  
Consequently, in response to a perturbation, if the ankle muscles could not act, a hip 
strategy would respond to either flex the hip to move the COM posteriorly or extend 
the hip to move the COM anteriorly (Winter, 1995b).  This hip strategy moves the 
body as a double-segment inverted pendulum with counter-phase motion at the ankle 
and hip, whereas the ankle strategy moves the body as a single-segment inverted 
pendulum by producing torque at the ankle.  In the circumstance that the base of 
support is very narrow, in the outermost regions of postural sway, the forces 
generated by ankle muscles will be insufficient to move the body on any trajectory 
towards the origin and a pure hip strategy will be adopted (Nashner and Mccollum, 
1985). 
  
Activity of the lateral gastrocnemius muscle anticipates the AP motions of the COM 
and the COP suggesting a predictive manner of the ankle strategy of quiet stance 
(Gatev et al.  1999).  There is increased activity of the lateral gastrocnemius muscle 
when the COM is moving anteriorly to the ankle joint and decreased activity when the 
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COM is moving posteriorly to the ankle joint.  As the COM moves anteriorly to the 
ankle, this falling forward movement of the COM leads to an increased forward 
bending force and therefore a loading of the ankle plantarflexors.  Contrary, whe
COM is moving posteriorly to the ankle, this results in a decreased forward bending 
force and unloading of the ankle plantarflexors.  This is supported by the finding that
ankle extensor activity was positively correlated with, and temporally preceded 
displacement of both the COP and the COM (Masani et al.  2003). 
 
n the 
 
 the frontal plane, an ankle strategy for balance control is limited by the small width 
nd 
Gatev 
lderly women with a history of falling have demonstrated a reduced ability to 
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of the foot.  As a consequence, the maximum moment that could be generated by the 
invertors or evertors would be about 10 Nm, in excess of this would cause the foot to 
roll over its medial or lateral borders (Winter, 1995b).  However, the hip abductors 
and adductors could generate in excess of 100 Nm (Winter, 1995b), so a combined 
hip and ankle strategy is generally observed in the frontal plane.  A high positive 
correlation has been observed between the ML motions of the knee and shoulder a
a significant negative correlation of the hip position and the hip angle motions 
indicates that both ankle and hip mechanisms control sway in the frontal plane (
et al.  1999). 
 
E
recover balance from a forward leaning posture using the ankle strategy when 
compared to healthy young women (Mackey and Robinovitch, 2006).  This has
attributed to both a reduction in peak ankle torque and a reduction in the speed of 
response to regain balance.  However, no comparison was made with a group of ol
women without a history of falling, which may have provided information on whether 
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these were purely age-related changes or whether these measures could differentiate 
between those with low and high risk of falling. 
 
Significantly increased muscle activation and co-activation of antagonistic muscle 
 
pt 
 
se 
hen postural control has been challenged by adopting the Romberg stance or one-
en 
 
excursions than the young adults (Amiridis et al.  2003). 
groups in the lower limb in the older adults compared to young adults have been 
demonstrated in quiet standing (Laughton et al.  2003).  These could be, in part, a
compensation for age-related declines in muscle strength.  Any weaknesses in the 
muscle groups of the lower limb could potentially impair the ability to correct for 
COM movement and effectively prevent a fall.  It may be that maintaining these 
muscles in an activated state, thereby increasing muscle co-contraction, is an attem
to provide additional stability as compensation for increased muscle weakness.  Ankle
dorsiflexor strength has been shown to be significantly weaker in fallers compared to 
non-fallers in community-dwelling older women (Skelton et al.  2002), which may 
have implications for the ability to control postural sway by the ankle strategy in the
individuals. 
 
W
legged stance, older adults have employed significantly greater rectus femoris and 
semitendinosus muscle activity than young adults, with no differences shown betwe
the groups for ankle muscle activity (Amiridis et al.  2003).  This suggests that as 
greater demands are placed on the postural control system, the older adults will 
employ a mixed hip and ankle strategy whereas the young adults could accommodate 
the increased postural requirements by increasing the activity of the ankle muscles 
alone.  The older adults demonstrated significantly greater ankle, knee and hip joint
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 In summary, postural sway characterises normal standing and needs to be controlled 
 maintain balance.  This has been modelled as an inverted pendulum, with the pivot 
s 
ies 
 
4.5 Walking gait 
ost common of all human movements and consequently is an 
 of daily living.  Walking has also been reported as one 
  
 
4.6 Temporo-spatial characteristics of walking 
emporal and spatial variables, such as walking speed, cadence and stride length, are 
 The ability to maintain adequate 
 
to
around the ankle joint in the sagittal plane and around both the hip and the ankle joint
in the frontal plane.  This inverted pendulum can be investigated by examining the 
COM and COP relationship, and control of this pendulum can be described using 
ankle and hip strategies.  However, although standing balance has been extensively 
researched, and age-related differences have been reported, there are very few stud
examining balance control of quiet standing using COM and COP measures between
older persons of different faller status. 
 
Walking is one of the m
integral part of many activities
of the most popular forms of physical activity (Feskanich et al.  2002; Kurozawa et al.
2005).  Walking has been reported as the activity at the time of falling in several falls 
studies (Lipsitz et al.  1991; Berg et al.  1997; Keegan et al.  2004), indicating that 
increasing the understanding of stability mechanisms during walking are important for
identification of those at risk of falling during locomotion. 
 
T
the most common values reported in gait analysis. 
walking speeds for reasonable time periods without undue fatigue is important for the 
maintenance of an independent lifestyle in old age (Bendall et al.  1989).  Gait speed
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does not differ between sexes (Smith et al.  2002; Helbostad and Moe-Nilssen, 2003; 
Tirosh and Sparrow, 2004), but there is an age effect with older adults walking on 
average slower than younger adults (Oberg et al.  1993; Smith et al.  2002; Menz et 
al.  2003; Gérin-Lajoie et al.  2006).  Elderly female participants have been shown 
walk significantly slower than young female participants (Buzzi et al.  2003; Tirosh 
and Sparrow, 2004).  Gait speed appears to get progressively slower across the 
decades (Lord et al.  1996), with a reported ~7% decline per decade after the age of 
65 (Bendall et al.  1989).  Walking speed is associated with fall risk as elderly fa
have been shown to walk slower than elderly non-fallers (Lee and Kerrigan, 1999; 
Auvinet et al.  2003).  A gait velocity of <0.8 m.sec
to 
llers 
 the 
g.  In one 
tudy, 20% of elderly women were found to walk at a slower speed than that required 
 
ults 
 
-1 has been suggested as a cut-off 
for those community-based individuals who are at risk of falling, with 35% of 
participants having reported a fall in the previous 6 months (Montero-Odasso et al.  
2004).  However, in all these cases, whether this slower gait was present before
fall, or was a result of having fallen previously, remains to be determined. 
 
A reduction in gait speed may have implications for tasks of everyday livin
s
to negotiate a Pelican crossing (Bendall et al.  1989).  This may limit their confidence
and ability to walk around the local community and to conduct activities of daily 
living that may involve crossing a road.  A reduced walking speed may also be more 
strongly associated with a fear of falling than with the risk of future falls (Maki, 
1997).  This slowing of walking may allow a greater reaction time to obstacles or 
other environmental factors that may impinge on walking.  For example, older ad
who walked at 1.44 ± 0.10 m.s-1 were less likely to recover balance after a trip than
those walking at 1.13 ± 0.19 m.s-1 (Pavol et al.  2002).  A person walking with a 
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slower gait may have lower initial momentum of the body in the event of a loss of 
balance, increasing the probability of recovery (Maki, 1997). 
 
Walking speed is a composite of cadence and stride length.  Women have been shown 
 walk at a higher cadence than men when walking at the same speed (Oberg et al.  
 increasing age (Winter et al.  
990), which alongside decreasing cadence will contribute to a decrease in walking 
f 
ower 
 
to
1993; Smith et al.  2002).  Cadence decreases with increasing age (Lord et al.  1996), 
and elderly fallers have been shown to have a lower cadence than elderly non-fallers 
(Lee and Kerrigan, 1999; Auvinet et al.  2003).  When fallers were separated further, 
multiple fallers have been shown to have a slower cadence than non-fallers or single 
fallers, with the single fallers showing similar results to the non-fallers (Lord et al.  
1996).  This suggests there is value in dividing faller groups into single and multiple 
falls as these groups may show different patterns. 
 
Stride length has also been shown to decrease with
1
speed.  Stride length is shorter in women than men (Tirosh and Sparrow, 2004), 
although the increased cadence observed in women accounts for the walking speed o
men and women being comparable.  In elderly men, walking speed was ~9.3% sl
than young males due to a reduced stride length (Watelain et al.  2000).  Stride length 
is shorter in those afraid of falling than those who are not afraid (Maki, 1997).  This 
decreased stride length may promote stability by minimising the forward excursion of 
the COM beyond the base of support provided by the stance foot (Maki, 1997), 
however this decreased stride length would still need to be long enough to adequately 
decelerate the COM at heel strike to maintain stability whilst walking. 
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Elderly females spend significantly longer in the double support phase than young 
females (Tirosh and Sparrow, 2004), and again this time in double support appears to 
radually increase across the decades (Lord et al.  1996).  Individuals who are fearful 
).  
rticipants, with the swing 
uration being less in the elderly participants than in the young (Mills and Barrett, 
 
 
, 2003).  Step width measures have not shown differences between those 
ho have and have not fallen previously (Brach et al.  2005), although step width was 
 
 
g
of falling spend longer in double support than those who are not afraid (Maki, 1997
This increased time in double support reduces the amount of time spent balancing on 
one leg, and therefore reduces the time the COM is outside the base of support 
(Winter, 1995a). This represents a conservative strategy for balance control and may 
also increase confidence in older people when walking. 
 
In one study, swing duration was found to be the only spatial-temporal variable that 
was significantly different between young and elderly pa
d
2001).  This was accredited to shorter stride duration by the elderly participants, and 
has been shown previously (DeVita and Hortobagyi, 2000).  This is consistent with
the increased time spent in the double support phase discussed above, and again is 
representative of a conservative strategy for balance control in older people during 
walking. 
 
Increased step width has been described as a common feature in elderly gait (Rogers
and Mille
w
significantly narrower in those that had fallen sideways previously than those who had
fallen in other directions (Ko et al.  2007).  Increased step width has been associated
with fear of falling and also with an increased risk of falling during walking (Maki, 
1997).  This increased step width may be a result of lateral instability, but may also be 
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increasing lateral instability as this would increase the COM-COP separation and the 
COM acceleration in the frontal plane.  These research findings are slightly 
contradictory, which may suggest that measures of step width are not that reliable in 
assessing fall risk. 
 
A paradox occurs because the gait changes, such as a slower walking speed and a 
decreased stride length and step width,  that are thought to represent the adoption of a 
ore stable gait pattern (Maki, 1997; Kaya et al.  1998; Menz et al.  2003; Cromwell 
s 
eir 
 
 
ay 
4.7 The inverted pendulum during walking 
the COM within the base of support.  The 
ody only has to make minor corrective accelerations in the horizontal plane to 
maintain a near equilibrium.  The condition for balance, however, changes with 
m
and Newton, 2004; Chamberlin et al.  2005) have also been shown to be risk factor
for falls (Tinetti et al.  1986; Lipsitz et al.  1991; Montero-Odasso et al.  2004; 
Montero-Odasso et al.  2005).  So to take reduced walking speed as an example, 
although this may appear to be a compensatory strategy, reduced walking speed is 
also associated with people who fall, suggesting that there is another aspect of th
gait that predisposes them to an increased chance of losing balance when walking
(Menz et al.  2003).  This paradox can be explained by the fact that temporo-spatial
parameters provide only indirect measures of stability.  As a result, these temporo-
spatial parameters can only provide limited insights into balance control during 
walking, and more sensitive measures are needed to gain further understanding on 
these balance mechanisms and any possible age-related changes that occur which m
affect stability during walking. 
 
In standing, the aim for balance is to keep 
b
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walking as the COM has to move outside the base of support to initiate motion in a 
ate a 
, 
e 
particular direction.  In steady state walking the COM is always outside the base of 
support, except during the short double support period (Winter, 1995a).  To initi
forward step, the COM has to be accelerated in an anterior direction, effectively 
initiating a forward fall.  This forward fall is averted by placement of the swing foot
decelerating the forward momentum of the COM.  The COM has been shown to mov
posteriorly with respect to a fixed point in the pelvis at heel strike (Whittle, 1997).  
Thus, the COM is in a state of dynamic balance during walking, with the COP 
moving behind and then ahead of the COM in the sagittal plane (see figure 4.2), 
resulting in the total body gravity force vector passing forward through the COP four 
times in one gait cycle (Jian et al.  1993). 
 
 
Figure 4.2. The antero-posterior positions of the COM (thick line) and the COP (thin 
line) against time during walking (Lyon and Day, 1997)  
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Balance can be controlled during walking by placement of the foot.  Any change in 
foot placement would result in a change in the COP, thus controlling COM-COP 
separation.  This strategy is dominant in both the sagittal and frontal planes during 
walking, where the placement of the foot is determined by the previous step length 
and width (Jian et al.  1993).  Once the foot is placed, the boundaries of the COP are 
defined.  However, the exact position of the COP under the foot can be controlled by 
the musculature achieving the final trajectory of the COM (Jian et al.  1993). 
 
In a model of human gait in the sagittal plane, if a muscle contributed to support 
during the first half of stance, it concurrently reduced forward progression (Liu et al.  
iu et al.  2006).  This is in 
ccordance with the inverted pendulum model.  However, in a simple inverted 
ssist 
g 
to 
 of 
2006).  In the same model, if a muscle contributed to support during the second half 
of stance, it concurrently increased forward progression (L
a
pendulum, forward motion would be hindered by gravity from heel strike to mid-
stance (when the pendulum is vertical), whereas after mid-stance, gravity would a
forward motion.  In Liu et al’s model, they demonstrated that gravity started assistin
progression just after the end of double support (~18% of the gait cycle, as opposed 
mid-stance at ~32% of the gait cycle).  This can only have occurred by dynamic 
interactions of the segments permitted by the joints of the legs, suggesting that the 
inverted pendulum model is too simplistic to describe the entire gait cycle. 
 
In this model of human gait in the sagittal plane, the dorsiflexors support the COM
the body whilst slowing forward progression for foot strike to foot-flat, with the hip 
and knee extensor muscles (vastus lateralis, vastus intermedius, vastus medialis and 
gluteus maximus) providing vertical support during the first half of stance as they 
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slow forward progression (Liu et al.  2006).  The plantarflexors generate both su
and progression from mid-stance to foot off (Lacquaniti et al.  1999; Neptune et a
2004; Liu et al.  2006), with the gastrocnemius being more responsible than the soleus 
for increasing walking speed (Liu et al.  2006).  The ankle muscles, therefore, are 
important for control of COM motion in the sagittal plane in walking as well as in 
standing. 
 
The greatest separation between COM and COP occurs at either the initial (
pport 
l.  
posterior 
OM-COP distance) or final (anterior COM-COP distance) moment of the single 
sfer 
e base of support during the single support phase, which represents the 
rgest portion of the gait cycle.  Therefore, frontal plane balance requires precise 
 
  
C
support phase in the sagittal plane (Chou et al.  2001; Hahn and Chou, 2004).  At heel 
strike, therefore, the COM is in front of the COP whereas at toe off the COP is in 
front of the COM.  Therefore, during the double support phase, the COP moves 
rapidly ahead of the COM, and as a result, the COM is decelerated during this tran
of the body weight from one limb to another. (Jian et al.  1993).  As a result, the foot 
and the stance leg must provide stability to permit the COM to move in front of the 
base of support (Judge et al.  1996). 
 
Frontal plane balance during walking poses a difficult challenge due to the narrow 
width of th
la
control of the trajectory of the COM (MacKinnon and Winter, 1993).  An inability to 
control whole body motion in the frontal plane could result in a loss of balance and
consequently a sideways fall.  This is of particular concern to the older population as a 
fall to the side is associated with an increased risk of hip fracture (Greenspan et al.
1998). 
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 In the frontal plane, the position of the COM shows a sinusoidal pattern (see figure 
4.3), in phase with the alternating left-right square-wave pattern of the COP (Hof et 
al.  2007).  The COM is located outside or slightly within the medial border of the 
pporting foot throughout walking, and therefore medial to the COP (MacKinnon 
P 
e 
su
and Winter, 1993; Jian et al.  1993).  The COM approaches the trajectory of the CO
from heel strike until the mid-stance; the COM-COP separation then increases as th
COM follows the movement of the swing leg (Xu et al.  2004).  The body gravity 
vector, therefore, passes through the COP twice in a gait cycle, one in each double 
support period (Jian et al.  1993). 
 
 
Figure 4.3. The medio-lateral positions of the COM (thick line) and the COP (thin 
line) during walking (Lyon and Day, 1997) 
 
Peak COM velocity in the frontal plane occurs during the double support phase (Chou 
et al.  2001).  Balance in the frontal plane has been shown to be regulated from mid-
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double support to the next mid-double support (MacKinnon and Winter, 1993).  This 
is achieved by directing the horizontal acceleration of the COM towards the centre 
line of the plane of progression.  Consequently, the polarity of the acceleration of the 
COM changes during the double support period.  The hip abductors, particularly 
gluteus medius, are proposed to play a significant role in maintaining ML stability as 
the COM shifts rapidly between each foot (Hahn et al.  2005). 
 
As the balance control system declines with age, it is reasonable to expect that a 
reduced ability to maintain dynamic stability would be evident in the coordination of 
the COM with the COP.  Older persons have demonstrated significantly less maximal 
AP COM-COP separation than young adults, but there was no significant difference 
in maximal values in the ML direction (Hahn and Chou, 2004).  This suggests that a 
conservative strategy is adopted by these elderly participants in order to reduce the 
distance between the COM and the COP in the sagittal plane.  However, these 
participants were also able to adequately maintain frontal plane stability compared to 
the younger participants. 
 
In young, healthy participants, displacement of the COM in the ML direction showed 
a decreasing trend with increased walking speed (Orendurff et al.  2004), so age-
related reductions in walking speed may present additional challenges to the balance 
control system due to this observed increase in ML COM motion. 
 
Although no significant differences between young and older adults for peak COM 
velocity in either the AP or ML directions were found, Hahn & Chou (2004) reported 
a trend of greater COM velocities for the younger adults in the sagittal plane.  This 
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may be related to the trend of greater walking velocities for the younger adults that 
were also observed in this study.  This significantly reduced COM-COP separation 
and the observed reduction in COM velocity in the sagittal plane in the older ad
could reduce the mechanical challenge of walking in these older adults (Hahn and 
Chou, 2004). 
ults 
 
icularly frail.  
here is also an apparent paradox between changes associated with increased stability 
 
 
 
dults to try and obtain a better biomechanical understanding of why 
me people are more at risk of suffering a fall event. 
4.8 Turning 
ity 
 
In summary, although temporo-spatial variables such as walking speed and stride 
length have been widely reported in the literature and age-related differences have
been observed in these measures, few differences have been observed between those 
at risk or not at risk of falling unless those who have fallen are part
T
and changes associated with increased risk of falling.  This arises partly because 
temporo-spatial measures, such as walking speed and stride length, only give an 
indirect measure of stability and are in all probability not sensitive enough to detect 
differences in stability between those at low-risk and at high-risk of falling in groups
of otherwise healthy older adults.  To obtain more direct measures of stability, COP
and COM values need to be taken.  These have demonstrated age-related effects, and
sensitivity to changes in balance control, but have not been extensively studied in 
healthy older a
so
 
Nearly all research involving human gait is focused on walking in a straight line.  This 
is despite turning being identified as one of the fundamental components of mobil
(Berg et al.  1989) and that 35-45% of steps involve turning in common everyday 
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tasks (Glaister et al.  2007).   Staggering when turning is a prominent characterist
recurrent fallers (Tinetti et al.  1986), and those who are unsteady during turning 
more likely to fall whilst turning (Topper et al.  1993).  If an individual does 
experience a  fall during turning, they are 7.9 times more likely to fracture their hip 
than if the fall occurred when walking in a straight line (Cumming and Klineberg, 
1994).  These findings suggest that turning could be a greater challenge to older 
people at risk of falling than walking straight ahead, and often results in more serio
consequences.   
 
ic of 
are 
us 
proving the current understanding of the biomechanics of turning could lead to the 
identification of those at increased risk of a fall during turning, and the development 
 
s 
 
 a corner to re-orientate the direction of travel, the direction of travel 
self follows a curved trajectory. 
Im
of interventions designed to improve mobility and reduce the risks of falling whilst 
turning in older adults.  However, there is currently only limited research available on
turning.  The published research in relation to non linear walking and turning that i
reviewed in the following sections has been divided into three main categories: 
walking a circular path, changing direction during walking and turning on the spot. 
 
4.9 Walking a circular path 
Turning in the context of walking a circular path is defined as a change in the COM
trajectory in the horizontal plane with the simultaneous rotation of the trunk to 
maintain its orientation to the new direction of travel (Orendurff et al.  2006).  So 
instead of turning
it
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The head has been shown to oscillate in the horizontal plane during walking in a 
circle in synchronisation with the bipedal locomotor cycle (Grasso et al.  1996).  
However, this head oscillation has been found to be less than the oscillations in 
walking direction, indicating a form of head stabilisation.  Head stabilisation has
been observed in other locomotor tasks such as walking, running and hopping (Pozz
 also 
o 
t al.  1990).  The head orientates itself toward the inner part of the curved trajectory, 
and as this was observed in the eyes open but not eyes closed condition, this head 
s 
 
 travel, so age-related differences in turning may be 
bserved due to the age-related changes in the visual system (Cristarella, 1977). 
limb 
ll 
-1
 
-1 lated 
 
lean of the trunk counteracting the centripetal force of the turn resulted in the COM 
e
orientation is believed to be of visual origin (Grasso et al.  1996).  This head yaw wa
also found to be anticipatory (100-200ms prior to the changes in the direction of
locomotion with respect to walking directional changes).  Therefore, vision is 
important in walking along non-linear travel paths, shown by this anticipatory head 
orientation to the new direction of
o
 
During walking on a 180° circular path, the COM shifted directly over the inside 
during foot contact at a self-selected turning speed (see figure 4.4b), and was we
inside the inside limb during foot contact at faster speeds (~1.2 m.s ) in young 
healthy adults (Orendurff et al.  2006).  Where in straight line walking, the COM 
trajectory oscillates in a sinusoidal pattern between the feet from supporting foot to 
supporting foot (figure 4.4a), when walking on a circular path (1m radius) the COM
remained over the inside foot even when the outside foot was providing all the 
support.  However, at slower speeds (~0.6 m.s ), the trajectory of the COM oscil
between the inside foot (during support) and midway between the two feet when the 
outside foot was giving support (Orendurff et al.  2006).  During the faster turns, the
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following the path of the inside foot throughout.  At these faster turning speeds, 
therefore, the inside foot placement is particularly important in maintaining stability 
uring the turn.  At slower speeds, however, less trunk lean was observed during 
e 
 
d
turning resulting in the COM following a more oscillatory trajectory.  This allowed 
the COM to be accelerated back towards the outside foot when this foot provided th
support (Orendurff et al.  2006).  This slower pace of turning, therefore, may be
preferable for maintaining stability. 
 
 
Figure 4.4 COM trajectory (bold line) in relation to ankle joint centre paths during 
straight line walking (a) and during walking a circular path (b) at 3 different speeds 
 et al.  2006) 
 
(Orendurff
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4.10 Changing direction during walking 
In order to change direction during walking, a person has to translate and rotate their 
body to a new orientation.  This process does not involve stopping to re-orientate, 
instead it represents a transition period between two phases of walking.  As a result, 
the process of turning consists of decelerating the forward motion, rotating the body, 
and stepping out toward the new direction (Hase and Stein, 1999). 
 
Two strategies have been identified for turning 180º when walking – a spin turn and a 
step turn (Hase and Stein, 1999).  The stance leg in the spin turn plays a major role in 
decelerating the body and acting as the axis for turning.  This strategy cannot be used 
if the initiation of turning occurs after the COM passes over the stance foot, as the 
 
rt 
 strategy is easier and more stable due to the wider base of 
upport during the direction change than in the spin turn (Hase and Stein, 1999).  This 
 option than the spin turn strategy in 
n is 
o turn during a 
80º turn taken during gait.  The participants who had experienced multiple falls in 
stance foot would subsequently be unable to decelerate the COM sufficiently for the
turn.  In the step turn, both feet continue to step and each can serve as the axis for pa
of the turn.  The step turn
s
may make the step turn strategy a preferable
individuals with balance impairments.  However, in a study of turning during 
activities of daily living, the spin turn was not observed suggesting that the step tur
the choice in everyday tasks (Glaister et al.  2007). 
 
Multiple fallers have been found to take more time and more steps t
1
the previous 6 months took on average an extra two steps to complete the turn 
compared to those who had only experienced one fall (Dite and Temple, 2002).  This 
could be a conservative strategy adopted by the multiple fallers for balance control.  
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In a study involving a 40º turn during walking, the use of two steps as opposed to o
to turn was significantly related to balance confidence (Fuller et al.  2007).  So this 
increased number of steps could be viewed as adopting a conservative approach to 
turning to provide more time to re-orientate the body into a new travel direction. 
 
In both the spin and the step turns, the ankle plantarflexors generate greater mome
during the braking phase of the turn than walking in a straight line (Xu et al.  2
This suggests that the plantarflexors act eccentrically to arrest the forward momentum 
of the COM during the turning stride.  Reductions in
ne 
nts 
006).  
 the strength and power of the 
lantarflexors have been observed in older compared to young adults (Perry et al.  
 
d to 
he 
pin turn also creates greater hip abductor moments than the step turn (Xu et al.  
al 
he 
p
2007), which may affect the ability of older adults to control the forward momentum
of the COM during this turning stride.  There were also significant decreases in the 
knee and hip extensor moments during the propelling phase of the turn compare
straight line walking (Xu et al.  2006).  This suggests that there is less demand for 
forward momentum during the turn, as the body is stabilised to its new direction. 
 
The spin turn creates greater ankle invertor moments than the step turn (Xu et al.  
2006).  This greater stabilisation demand on the ankle muscles may make the spin 
turn less preferable than the step turn in individuals with weaker ankle muscles.  T
s
2006). 
 
Changing direction during walking involves the rotation of the body towards the new 
direction and lateral translation of the COM, which are superimposed onto the norm
forward progression of the COM (Hollands et al.  2001).  The trajectory pattern of t
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COM and the COP and the COM-COP distance changes during the prior and ongoing
steps when a turn is incorporated into walking (Xu et al.  2004).  In the step prior to 
the turn, the COM starts to shift in anticipation towards the direction of the new path 
of travel.  The participants lean into the turn which results in the COM being 
positioned lateral to the COP, whereas in straight line walking the COM would 
 
main medial to the COP.  This shows an anticipatory strategy before and during the 
 
also 
s to the direction of the turn, which reflects a lateral translation of the body in 
e direction of the turn.  A clear sequence of reorientation onset is demonstrated; first 
sets were the same, as a result of them being fixed, but trunk roll now 
llowed COM (Hollands et al.  2001).  As a result, trunk roll could not have been 
re
turn action. 
 
Hollands et al. (2001) found in young participants that the head and trunk rotate to the
direction of the turn to re-orientate the body in the direction of travel.  The COM 
displace
th
head yaw, then trunk yaw, trunk roll, COM, and finally ipsilateral foot ML 
displacement (Hollands et al.  2001).  This “top-down” segmental sequence of 
reorientation was also observed in healthy older adults executing a 40º turn during 
walking (Fuller et al.  2007).  This change of direction of the COM is achieved 
through the ML hip strategy (Patla et al.  1999), and is quantitatively described 
through measurements of trunk roll (Hollands et al.  2001). 
 
In a condition where the head was immobilised to the trunk, this resulted in a 
significant change to the sequence of orientation onset during the turn.  The head and 
trunk yaw on
fo
responsible for reorientating the COM in the new travel direction.  A wider step width 
strategy was used instead prior to the onset of the turn step to initiate the acceleration 
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of the COM in the new travel direction.  This results in a greater COM-COP 
separation and therefore greater COM acceleration as the COM-COP separation is 
related to the COM acceleration (Winter, 1995a), although this may have im
for stability during the turn in individuals who may use a COM followed by a tr
roll turning strategy. 
 
In participants who had suffered from stroke, the sequence of the segment 
reorientation onset was altered as a 90º turn was initiated fro
plications 
unk 
m straight line walking.  
 these participants, the onset of head reorientation tended to be more synchronous 
ere 
4.11 Turning on the spot 
 stationary position and also to then initiate walking.  This is 
portant for many activities of daily living. 
 
In
with that of the thorax and pelvis (Lamontagne et al.  2007).  Similar patterns w
also observed in participants with Parkinson’s disease when executing 60 and 120º 
turns during walking (Huxham et al.  2008).  These studies show that turning 
strategies may be altered by some medical conditions, resulting in a more en-bloc 
turning strategy.  As both of these patient groups are considered at risk for falling, the 
investigation of segment reorientation onset at turn initiation is of considerable 
importance in faller populations. 
 
Turning not only occurs during walking, but also occurs from a stationary position 
both to achieve a new
im
 
Turning on the spot is utilised in some clinical tests to delineate fallers from non-
fallers in older adults.  The 360º turn is an item on the Performance Orientated 
Mobility Assessment (Tinetti, 1986) and the Berg Balance Scale (Berg et al.  1989),
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and is concerned with the ability of an individual to maintain their equilibrium whils
in motion.  Normal turning movement has been rated as the ability to complete
turn in under 4 seconds (Berg et al.  1989).  Fallers have been shown to take longer
turn and use more steps than non fallers (Lipsitz et al.  1991), however the 
participants in this study were particularly frail so the findings may not be applic
to a healthy, community-dwelling
t 
 a 360º 
 to 
able 
 older population. 
Elderly adults need to use more steps when turning 180° than young adults, with 
so 
report problems walking when 
rning.  Elderly adults took longer to complete the turn than young adults, with the 
). 
 is a motor skill that is required 
r mobility and when performing activities of daily living.   There are many ways 
 
 
 
young adults employing a predominantly pivot method of turning rather than a 
stepping and weight shifting strategy (Thigpen et al.  2000).  Some elderly adults al
display the pivot turn, and these individuals also do not 
tu
adults who reported difficulties turning taking the most time (Thigpen et al.  2000
 
There are only a limited number of studies of turning on the spot, and of these, none 
investigate dynamic stability by investigating COM velocity and acceleration or 
COM-COP relationships.  Further research using these measures will therefore further 
knowledge and enhance understanding of the mechanisms involved in stability during 
turning from a stationary position. 
 
In summary, it is clear from the literature that turning
fo
that turning is incorporated into activities from both a static position and also in 
locomotion.  The majority of the research conducted in this area appears to have
focussed on the incorporation of a turn into walking, and also in healthy young adults. 
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There is scope for further investigation in many areas with turning, particularly in the 
investigation of age related differences that may exist in turning strategies, and to 
investigate whether differences exist that may place some individuals at a greater risk 
f experiencing a fall. 
4.12 Conclusions 
ation on differences that may exist between faller 
roups of older persons.  This could provide valuable information for both diagnostic 
ng 
tect 
o
 
Biomechanical measures of dynamic stability in these areas of standing balance, gait 
and turning could not only provide further information about any age-related 
differences, but also provide inform
g
and intervention strategies with the aim of reducing the risk of falling.  Therefore, 
research is needed in groups of older adults with and without a history of falling usi
measures such as COM-COP separation to evaluate whether these variables can de
differences between those who fall and those who do not.  Such research should 
provide insight into what places certain individuals at risk, and also enable the 
identification of key variables that can be used to detect risk and to assess the efficacy 
of intervention measures for fall prevention.  
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Chapter 5: Methods for the standing, walking and turning 
 
ung and community-dwelling older 
adults.  The results are reported in chapter 6 and discussed in chapter 7. 
 
These chapters aim to investigate whether any differences are apparent in the dynamic 
stability measures of COM and COP during these standing, walking and turning tasks, 
and also to investigate segmental reorientation onset during turning, based on age and 
fall status.  For quiet standing, it was hypothesised that the older adults would 
demonstrate greater sway paths of these variables and faster sway of their COM than 
the young adults, and that older adults who had fallen would have greater sway paths 
and faster motion than the older adults who had not experienced a fall.  
 
 During walking, it was hypothesised that the older adults would walk more slowly 
than the young adults and use a shorter stride length.  It was also hypothesised that 
there would be differences in dynamic stability between the faller groups, with the 
multiple fallers showing greater COM-COP separation and larger COM velocities and 
accelerations than the non-fallers. 
 
For the turning study, it was hypothesised that the older adults would take longer to 
turn and utilise more steps than the young adults.  It was also hypothesised that the 
older adults, particularly the multiple fallers, would demonstrate a more en-bloc 
studies 
 
This chapter reports the methods used to collect data from the laboratory testing
sessions.  Measures of stability were obtained in three study conditions – quiet 
standing, walking and turning in groups of yo
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strategy at the initiation of the turn than the young adults and less dynamic stability 
indicated by increased COM-COP separation and increased COM motion. 
Ninety respondents were randomly selected from the LPAFH study and invited to 
take part in further testing.  Forty-two replied and took part in the biomechanical 
elements of this thesis.  Thirteen participants were male (age 72.9 ± 3.7 years; height 
175.6 ± 6.9 cm; mass 79.6 ± 17.3 kg) and twenty-nine were female (age 69.8 ± 7.1 
years; height 162.5 ± 7.1 cm; mass 69.3 ±10.8 kg).  All of the older participants 
reported themselves free from any neurological or musculo-skeletal impairment prior 
to the laboratory session, and were able to walk at least 100 m without the use of a 
gait aid at the time of testing.  The older participants were split into 3 groups (table 
5.1) – non fallers (NF), single fallers (SF) and multiple fallers (MF) – based on their 
fall history as reported in the LPAFH (chapter 3).  The older participants were asked 
further questions on the day of testing to confirm that they had not experienced a fall 
between completing the LPAFH and laboratory testing that would influence the faller 
group into which they were assigned.  The older adults were also asked to complete 
the 7-day recall Physical Activity Scale for the Elderly (PASE) questionnaire 
(Washburn et al.  1993; Schuit et al.  1997; Dinger et al.  2004) to give an indication 
of their physical activity level at the time of testing.   Fifteen young participants (8 
males, age 24.9 ± 3.7 years, height 176.7 ± 5.6 cm, mass 76.2 ± 11.3 kg; 7 females, 
age 26.7 ± 2.4 years, height 171.2 ± 3.8 cm, mass 62.6 ± 8.7 kg) were also recruited 
from the local community to act as a young control group.  All participants completed 
a pre-test health-screening questionnaire (appendix VI) in accordance to the 
laboratory’s standard operating procedure and gave written informed consent 
 
5.1 Participants 
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(appendix VII).  Ethical approval was granted through Institutional procedures at 
Department level.  Participants were requested to wear shorts, and either shirtless 
ales only) or short-sleeved/ sleeveless tops.  Participants wore shoes throughout, as 
this is more representative of “real life” conditions than bare foot.  These shoes were 
ore 
 
14) 
(m
requested to be “typical everyday shoes”, with no higher than a low heel and theref
did not bear characteristics associated with an increased risk of falling (Tencer et al. 
2004). 
 
Table 5.1. Participant details 
 Young adults 
(n=15) 
Non-fallers 
(n=15) 
Single Fallers 
(n=13) 
Multiple 
Fallers (n=
Age (years) 25.7 ± 3.2 70.7 ± 6.2 70.0 ± 6.3 71.5 ± 6.9 
Height (m) 1.74 ± 0.06 1.68 ± 0.08 1.65 ± 0.10 1.67 ± 0.12 
Mass (kg) 69.8 ± 12.0 70.5 ± 11.5 70.3 ± 12.3 73.3 ± 11.6 
Active days in 
current decade 
N/A 4.0 ± 1.9 4.2 ± 1.7 3.2 ± 2.2 
PASE score N/A 131.4 ± 45.0 142.8 ± 64.8 123.1 ± 63.9 
 
Two older participants, who formed part of the single faller group, were unable to 
take part in the final part of testing due to time constraints.  Therefore, the single falle
group for the turning study consisted of 11 older adults (age 70.2 ± 6.1 years, height 
1.66 ± 0.10 m, mass 70.0 ± 12.8 kg). 
 
5.2. Laboratory set-up 
The laboratory space measured 17 x 12 m, and the capture volume was defined in 
accordance with the International Society of Biomechanics recommendations (Wu 
and Cavanagh, 1995).  Whole body motion data were collected at 60 Hz using a 14-
camera Vicon M2 (624) system (Vicon Peak, Oxford Metrics Ltd., UK; for camera 
positions please see appendix VIII).  The system was calibrated prior to testin
each participant and a mean calibration residual value of <1.5 mm was accepte
r 
g for 
d.  
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Forty-two retro-reflective markers (14 mm) were placed on specific anatomical 
landmarks on the participant to represent a full body marker set.  The markers were
applied directly to the skin (where possible), onto clothing or on elasticated bands 
(e.g. the head markers were placed on a headband).  The full-body marker set was 
adapted from the Vicon Plug-in Gait (PiG) marker set (see appendix IX).  Additional 
markers were placed on the left and right 5
 
e each body segment.  Additional markers were temporarily placed on the 
side of the left and right knees and ankles for the static trial and then removed prior 
 the standing ba is de a  a
e sub ter fil within oftwa
 forces were collected by two force plates (AMTI BP400600NC, 
atertown, USA), embedded in the floor of the laboratory with their top surface flush 
d 
 
ir 
en 
th metatarsals, so that 4 markers were used 
to defin
in
to lance trials.  Th  was to provi measure of knee nd ankle 
widths for th ject parame es required  the Vicon s re. 
 
Ground reaction
W
with the laboratory floor.  The force plates were in parallel for the standing trials an
the starting position of the turning trials, and in series for the gait trials.  The force 
plate data were captured at 120 Hz and time-synchronised to the motion capture 
system. 
 
5.3 Test protocols 
Participants were instructed to take up a comfortable posture of quiet erect standing
with feet side-by-side, with a foot placed on each force plate, with their arms by the
sides and facing straight ahead.  No further direction was given to foot placement to 
encourage the participant to adopt as close to their normal standing posture as 
possible.  This was to reflect actual performance of the individuals (Pajala et al.  
2008).  Data were collected for 30s with the participant either having their eyes op
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(EO) or their eyes closed (EC).  The order of application of EO and EC condition
was randomised among the participants.  Two minutes rest was given between trials,
where the participant was free to move around, and three trials were conducted in 
each condition. 
 
For the walking study, participants were instructed to walk at their self-selected 
velocity across the laboratory.  The participants were not given instructions on foot
placement across the force plates, so that they would not alter their stride pattern to 
strike the force plates.  Walking trials were conducted until there was a minimum
three trials with clean foot strikes on both force plates. 
s 
 
 
 of 
 on 
 
s 
between trials. 
 
 (Meng 
 
For the turning study, the participants were instructed to start with one foot placed
each of the two force plates in a side-by-side stance.  They were then asked to turn 
360º at their own speed, and participants self-selected their turning direction to make 
the movement as natural as possible.  After the opportunity to practice was given, a
minimum of 3 trials were conducted, and a minimum rest period of 2 minutes wa
given in 
 
5.4 Data processing 
Vicon Workstation software (Vicon Peak, Oxford Metrics Ltd., UK) was used to 
reconstruct the data from each camera into three-dimensional trajectories.  Gaps of 
below 0.1 seconds were filled in Workstation using a cubic spline interpolation
et al.  2006). 
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5.4.1. Centre of mass 
The position of the whole body centre of mass (COM) was computed in Vicon 
Bodybuilder software (Vicon Peak, Oxford Metrics Ltd., UK) using a model based
Vicon’s Golem m
 on 
odel.  Whole body COM was the weighted sum of each body 
gment’s COM using a 13-link biomechanical model (Dempster, 1955).  The validity 
5.4.2 Centre of pressure 
bined from both force plates to provide a single 
se
of COM estimation from the PiG marker set has been demonstrated previously 
(Gutierrez-Farewik et al.  2006). 
 
Centre of pressure data was com
centre of pressure: 
 
21
2
2
1
1 FzFz
FzCOP
FzFz
FzCOPCOP +++=  12
 
where COP1 and COP2 are the COPs on the 2 separate force plates and Fz1 and Fz2 
are the ground reaction forces on force plate 1 and force plate 2. 
 
During the standing trials, the positions of the COP and the COM were then computed 
sed on a local coordinate system that used the central point 
t 
g 
SCII format. 
within Bodybuilder ba
between the two feet as the origin and a horizontal X-Z plane.  This was to accoun
for the fact that there was no standardisation of foot placement, due to the focus bein
placed on a normal standing position.  This data was then exported from the Vicon 
software in A
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The COM and COP data were then filtered using a 2nd order, multi-pass Butterworth 
y gaps 
ould 
e 
ta were then removed from the filtered data, so only 
ctual recorded data entered the data analysis stage. 
 
The range of motion (ROM) of the COP and the COM was calculated in both the AP 
istance between COM and COP was calculated.  The 
M was calculated as was the RMS of the 
velocity and acceleration signals. 
 
 based on force plate 
ata.  When the participant was not on the force plates, the foot strike and foot off 
 
le 
  Stride times were calculated separately for left and right 
et. 
filter with a cut-off frequency of 10 Hz (Winter et al.  1974; Giakas, 2004).  An
in the data (due to marker occlusion) greater than 0.1 seconds were still present in the 
data.  Where a gap in the data appeared, a multi-pass filter such as Butterworth w
introduce artefacts into the data at the edges of the missing data sections (see 
appendix X).  To prevent this, any gaps were filled prior to filtering using a splin
interpolant.  These interpolated da
a
and ML directions.  The root mean square (RMS) of the COP and COM signals were 
also calculated.  The horizontal d
peak velocity and acceleration of the CO
5.4.3. Temporo-spatial  parameters during walking 
Foot strike and foot off positions were determined in Workstation
d
timings were determined by correlation of the movement pattern of the ankle marker 
trajectories recorded during contact with the force plates.  The times that these gait
events occurred were used to calculate swing time, double support duration and sing
support duration, and the percentages of swing time that were spent in both single and 
double support.  Stride time was calculated as the time from foot strike to the next 
foot strike of the same foot.
fe
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Stride length and step width were also calculated.  The positions of the ankle markers
at foot strike were used and the cosine rule was utilised to calculate the required 
distances. 
 
5.4.4 Body segments for the turning trials 
The head, thorax and pelvis were modelled as segments using the PiG model and 
exported with Vicon Workstation software in ASCII format.  Each segment was 
defined by 4 markers placed in accordance with the P
 
iG marker set.  The head 
egment was defined by 2 markers placed on the anterior surface of the head and 2 
 
The velocity of the segments was calculated.  These segment velocities were then 
used to define the start and finish of the turn.  The turn was initiated from a standing 
position, and during standing, participants’ body segments naturally oscillate around a 
fixed position.  This introduced a problem in the correct identification of the start of 
the turn.  The turn was therefore defined as a single, continuous, rotational movement 
in one direction.  This approach allowed an objective isolation of the turn segment of 
the data by mathematical analysis.  It was assumed that the greatest rotational velocity 
of the segments would occur during the actual turn event.  This maximal rotational 
velocity was identified and the area of interest in the data was expanded forward and 
backward from this point until rotational velocity reached zero.  The turn was then 
s
markers placed on the posterior surface of the head equidistant from the midline.  The
thorax segment was defined by markers place on the 7th cervical vertebra, the 10th 
thoracic vertebra, the jugular notch and the base of the sternum.  The pelvis segment 
was defined by markers on the left and right anterior and posterior superior iliac 
spines. 
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identified as the point where the first of the three measured body segments started 
turning until the point when the rotational velocity of the last of those segments 
returned to zero (for further details, see appendix XI). 
 turn times were calculated for segment 
t to 
o 
5.5 Statistical analysis 
 
 analysis using t-tests with a Bonferroni correction. 
ll 
i 
 
 
 
The absolute times and percentages of total
latencies.  Thoracic, pelvic and foot off onset latencies were calculated with respec
head rotation onset.  Pelvic and foot off onset latencies with respect to thoracic 
rotation onset, and foot off latency with respect to pelvic rotation onset were als
calculated. 
 
All statistical analysis for the standing data was conducted with a mixed model (group
x condition) ANOVA.  Any differences between groups were investigated through 
post-hoc
 
For the walking study, temporo-spatial data for the four groups were analysed for a
measures using a one-way ANOVA.  Post hoc analysis using t-tests with a Bonferron
correction identified the location of any differences between the groups.  The COM 
and COP data were analysed using an ANCOVA using walking speed as a covariate,
as there was a significant difference between groups for walking speed (F = 9.135, p < 
0.001, Eta Squared = 0.341).  Contrast analysis using t-tests with a Bonferroni 
correction identified the location of any differences between the groups. 
 
For the turning study, turn time, number of steps and segment latencies were analysed
using a one-way ANOVA.   Post hoc analysis using t-tests with a Bonferroni 
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correction identified the location of any differences between the groups.  The COM
and COP data were analysed using an ANCOVA using turn time as a covariate.  
Contrast analysis using t-tests with a Bonferroni correc
 
tion identified the location of 
ny differences between the groups. a
 
If a significant difference was detected, the effect size was also calculated.  The level 
of significance was set at p = 0.05. 
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Chapter 6: Results for the standing, walking and turning 
 the laboratory testing described in chapter 5.  
d on task, first the standing balance study, 
 
6.1 Quiet standing 
Details of the range of motion (ROM) and amplitudes of the COM and the COP and 
the separation between them are displayed in table 6.1.  There was a significant main 
effect for the EO/EC condition for both ROM (F = 4.287, p = 0.043, Partial Eta 
Squared = 0.075) and amplitude (F = 4.683, p = 0.035, Partial Eta Squared = 0.081) of 
the COP in the AP direction, but not in the ML direction (ROM F = 1.003, p = 0.321; 
RMS F = 0.884, p = 0.351).  This shows an increase in both the range of the sway 
path and the amplitude of the COP in all groups in the EC condition compared to EO.  
There were no significant differences between the groups for ROM (AP F = 1.634, p 
= 0.193; ML F = 2.086, p = 0.113) or for the amplitude (AP F = 0.739, p = 0.534; ML 
F = 1.936, p = 0.135) of the COP. 
 
There was a significant difference between groups in COM amplitude in the ML 
direction (F = 7.518, p < 0.001, Partial Eta Squared = 0.299).  Post hoc analysis 
revealed the young adults to have significantly greater amplitude of the COM in this 
direction than the non-fallers (p = 0.001), the single fallers (p = 0.038) and the 
multiple fallers (p = 0.001).
studies 
This chapter presents the results from
The results are split into sections base
followed by the walking study and finally the turning study.  These results are then 
discussed in chapter 7. 
T e 6 C an O is e t v es th u d an he er -f rs ngle ers d   *i icates a 
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ure 6.2. Example animation of COM and COP positions (pelvis removed in order 
 visualise COM position) in a) a young participant and b) an older participant 
 
 
Different patterns of COM-COP separation were observed between the young and 
older adults in the sagittal plane (see figures 6.1 and 6.2).  The young adults 
predominantly kept their COM anterior to their COP, with 9 (60%) young adults in 
the eyes open condition.  Eight (53.3%) young adults in the eyes closed condition kept 
their COM anterior to their COP throughout the 30-second trial, and the position of 
the COM in the other young adults oscillated posteriorly and anteriorly with respect to 
the COP throughout the trial.  In contrast, the older adults predominantly kept their 
COM posterior to their COP, with 25 (59.5%) older adults in the eyes open condition.  
Twenty-one (50%) older adults in the eyes closed condition kept their COM posterior 
heir COP throughout the 30-second trial.  In the other older adults, the COM 
out 
a)  b)  
Fig
to
to t
oscillated from a posterior to an anterior position with respect to the COP through
the trial. 
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There was a significant difference between the groups for peak anterior COM-COP 
separation (F = 11.091, p < 0.001, Partial Eta Squared = 0.386).  Post hoc analysis 
revealed the young adults to have significantly greater peak anterior COM-COP 
separation than the non fallers (p < 0.001), single fallers (p = 0.001) and multiple 
fallers (p < 0.001).  There was a main effect for the EO/EC condition for peak 
posterior COM-COP separation (F = 6.656, p = 0.013, Partial Eta Squared = 0.112) 
with the COM being placed in a more posterior position with respect to the COP in 
the EC condition compared to EO.  There was also a significant difference between 
the groups (F = 12.803, p < 0.001, Partial Eta Squared = 0.420), and post hoc analysis 
icantly less separation between their COM 
nd COP than the non fallers (p < 0.001), single fallers (p = 0.001) and multiple 
e COM-COP separation in the sagittal plane (F = 8.904, p = 0.004, Partial Eta 
Squared = 0.144) with greater separation demonstrated in the EC condition compared 
to EO.  There was no significant difference between the groups for ROM of the 
COM-COP separation in the sagittal plane (F = 2.438, p = 0.075), but there was a 
significant difference between groups for peak COM-COP separation in the frontal 
plane (F = 7.662, p < 0.001, Partial Eta Squared = 0.303).  Post hoc analysis revealed 
the young adults to have significantly greater COM-COP separation in the frontal 
plane than the non fallers (p = 0.001), the single fallers (p = 0.014) and the multiple 
fallers (p = 0.001). 
 
Details of COM velocity and acceleration for the young adults and the older non-
fallers, single fallers and multiple fallers are displayed in table 6.2.  There was a main 
effect for the EO/EC condition for peak COM velocity (anterior F = 6.721, p = 0.012, 
revealed the young adults to have signif
a
fallers (p < 0.001).  There was a main effect for the EO/EC condition for the ROM of 
th
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Partial Eta Squared = 0.113; posterior F = 4.369, p = 0.041, Partial Eta Squared = 
0.076), with higher peak velocities shown for the EC condition compared to EO.  
There were significant differences between the groups for both peak anterior (F =
3.433, p = 0.023, Partial Eta Squared = 0.163) and peak posterior COM velocity (F
4.555, p = 0.007, Partial Eta Squared = 0.205).  Post hoc analysis revealed the y
adults to have significantly lower peak velocities than the non-fallers (anterior p = 
0.020; posterior p = 0.007).  There was a main effect for the EO/EC condition for the
amplitude of COM velocity in the AP direction (F = 4.587, p = 0.037, Partial Eta 
Squared = 0.080).  There was a significant difference between groups (F = 3.142, p = 
0.033, Partial Eta Squared = 0.151), and post hoc analysis revealed the young adults
to have lower amplitude of their COM velocity in the AP direction than the non-
fallers (p = 0.037). 
 
There was a significant difference between groups for both peak anterior (F = 6.553, p 
= 0.001, Partial Eta Squared = 0.271) and peak posterior COM acceleration (F = 
7.244, p < 0.001, Partial Eta Squared = 0.291).  Post hoc analysis revealed the youn
adults to have significantly lower peak acceleration of their COM than the non-faller
(anterior p = 0.006; posterior p = 0.002), single fallers (anterior p = 0.002; posterior p 
= 0.001) and the multiple fallers (anterior p = 0.009; posterior p = 0.008).  There w
a significant difference between groups for the amplitude of the COM acceleration in
the AP direction (F 
 
 = 
oung 
 
 
g 
s 
as 
 
= 3.452, p = 0.023, Partial Eta Squared = 0.163).  Post hoc 
nalysis revealed the young adults to have a lower amplitude of COM acceleration a
than the older non-fallers (p = 0.033). 
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There was a significant difference between groups for peak ML COM velocity (F =
7.904, p < 0.001, Partial Eta Squared = 0.309).  Post hoc analysis revealed the you
adults to have significantly lower peak COM velocity in the frontal plane than the 
non-fallers (p < 0.001), the single fallers (p = 0.002) and the multiple fallers (p = 
0.009).  There was also a significant difference between groups for the amplitude of 
the COM velocity in the frontal plane (F = 4.722, p = 0.005, Partial Eta Squared = 
0.211).  Post hoc analysis revealed the young adults to have significantly lower 
amplitude of their COM velocity than the non-fallers (p = 0.007), single fallers (p 
0.049) and the multiple fallers (p = 0.043). 
 
There was a significant difference between groups for peak ML COM acceleratio
= 10.919, p < 0.001
 
ng 
= 
n (F 
, Partial Eta Squared = 0.382).  Post hoc analysis revealed these 
ifferences the young adults to have significantly lower peak COM acceleration in the 
r the 
d
frontal plane than the non-fallers (p = 0.012), the single fallers (p < 0.001) and the 
multiple fallers (p < 0.001).  There was a significant difference between groups fo
amplitude of ML COM acceleration (F = 4.544, p = 0.007, Partial Eta Squared = 
0.205).  Post hoc analysis revealed these differences the young adults to have 
significantly lower amplitude of their COM acceleration than the non-fallers (p = 
0.032) and the single fallers (p = 0.009). 
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Table 6.2.  COM velocity and acceleration v s h ung adults and the older -f s, gl le n llers.  * indicates a 
significant difference from the young adults 
 Young Adu N fallers Si fa M
alue  for t e yo non
lts on-
aller  sin e fal rs a d multiple fa
ngle llers ultiple fallers 
 EO O E E E   EC E  C O C EO EC
Peak anterior 
velocity (cm.s-1) 
1.32 ± 36 
 
1.51 3 .9 .6 2.  1. 1.94 ± 0 1  ± 0.63  ± 0.91  ± 0. 8 1 8 ± 0 4* 28 ± 08* .76 .99  1.78 ± 0.52 2.00
Peak posterior 
velocity (cm.s-1) 
-1.34 ± 0.28 -1.4 .3 2. 0. -2  1 -2.02 ± 0 - 3 ± 0. 5 ± 0.   ± 0.87 
RMS AP velocity 
(cm.s-1) 
0.41 ± 0.11 0.4 1 .6  ± 0.20* 0.  ± 0.40* 0.59 ± 0 0.  0 ± 0  ± 0.31 
Peak anterior 
acceleration 
(cm.s-2) 
20.21 ± 4.87 20 4. 0. 1  29  1 * 30.23 ±  3 7 ± 8. * 2 ± 7. * 1 ± 10.64* 
Peak posterior 
acceleration 
(cm.s-2) 
-19.76 ± 4.77 -19  ± 4.22 30  ± 10 * 2 ± * -29.84 - 1 3* 0 ± 10.46* 
RMS AP 
acceleration 
(cm.s-2) 
5.26 ± 1.17 5.4 3 .0  ± 4.75* 9.  ± 5.07* 8.80 ± 5 8.  4 ± 1  ± 3.01 
Peak ML velocity 
(cm.s-1) 
0.81 ± 0.20 0.83 ± 0.21 .3  ± 0.40* 1.  ± 0.57* 1.30 ± 0.40* 1 ±   ± 0.44* 
RMS ML velocity 
(cm.s-1) 
0.22 ± 0.07 0.23 ± 0.07 .3  ± 0.11* 0.  ± 0.17* 0.34 ± 0.11* 0 ±   ± 0.13* 
Peak ML 
acceleration (cm-
2) 
17.34 ± 3.91 17.06 ± 3. 5. 6 24 29.61 ± 8.45* 3 0 ± 9. * 8 ± 7. * 6 ± 10.25* 
RMS ML 
acceleration (cm-
2) 
4.46 ± 1.18 4.53 ± 1.23 .0  ± 2.65* 6.  ± 2.80* 7.61 ± 3.88* 7  ± 2.47 
3 ± 0 0 - 01 ± 59* .35 ± .25* 
6 ± 0. 0 0 1  69  
.22 ± 11 3 21 ± 0.18* .23 ± 0.19
.57  - .91 .42 - 9.38 10.30  
6 ± 1. 2 9 2  17  
 1 4  35  
 0 5  35  
29 2 45 ± .59* .55 ± 6.70* 
 7 1  89  
.80 2.0 70 -1.8 39 -2.14
.20 61 ± .17 0.56 .14 0.65
7.95* 2.1 71 28.3 03  30.8
 ± 8.66* 32.69 ± 8.91* -28.0 ± 7.2  -30.4
.14 90 ± .44 6.97 .88 8.08
.28 ± 0.34* 1.18 0.32* 1.27
.32 ± 0.09* 0.32 0.09* 0.35
0.3 98 27.1 23  30.1
.19 ± 2.69* 6.14 ± 1.50 7.03
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Table 6.3. Te r t al fo e g    g p ea S  d te i c if n o e g l
 Non-fallers Multip  fa  
mpo o-spa ial v ues 
Young 
r th youn  and older adult rou s (m n ± D) * eno s a s gnifi ant d fere ce fr m th
Single fallers le
youn
llers
 adu ts 
Velocit .s 1.41 ± 0.08 ± 6 6 17y (m -1) 1.16  0.1 * 1.20 ± 0.15* 1.1  ± 0. * 
Cadenc e in 1 6 ± 6.4 3 0 .  1  
Stride ti e (s) 1.05 ± 0.06 1.10 ± 0.11 8 11
Stance t ( 0.65 ± 0.03 0.70 ± 0.07 9 07
Time in stance (%) 61.77 ± 1.12 6 1 0 1.4
Swing t e (s) 0.41 ± 0.03 0.41 ± 0.05 9 04
Time in swing (%) 38.44 ± 1.10 3 0 1 1.2
Stride l h 1.49 ± 0.07 ± 4 8 13
Step wi m 0.21 ± 0.03 0.20 ± 0.04 9 02
e (st ps.m -1) 14.0
m
ime s) 
im
engt (m) 
dth ( ) 
1 106. 2 ± 1 .79 113.87 ± 6.36 111 63 ±
1.06 ± 0.06 1.0  ± 0.
0.67 ± 0.04 0.6  ± 0.
62.9 ± 2. 5 63.17 ± 2.03 64. 6 ± 
0.39 ± 0.03 0.3  ± 0.
37.0 ± 2. 7 36.91 ± 1.84* 36. 2 ± 
1.28  0.1 * 1.28 ± 0.16* 1.2  ± 0.
0.20 ± 0.02 0.1  ± 0.
0.88
 
 
1* 
 
9* 
* 
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a) 
b) c)  d)
 
 
Figure 6.3. a) COM-COP separation in the sagittal plane for the 4 groups normalised 
over a gait cycle; schematic diagrams of b) COM-COP separation at heel strike in the 
sagittal plane; c) COM-COP separation at toe off in the sagittal plane and d) COM-
COP separation in the frontal plane (heel strike). 
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 There was no significant difference between groups for COM velocity in the sagittal 
plane at heel strike (F = 0.847, p = 0.475) or toe off (F = 1.550, p = 0.213) or in the 
frontal plane at heel strike (F = 0.480, p = 0.697) or toe off (F = 0.543, p = 0.655).  
There was a significant difference between groups for COM acceleration in the AP 
direction at heel strike (F = 4.285, p = 0.009, partial Eta Squared = 0.198), contrast 
analysis showed both the young adults (p = 0.041) and the multiple fallers (p = 0.047) 
had a greater COM acceleration at heel strike than the non fallers.  There was no 
significant difference between groups for COM acceleration in the AP direction at toe 
off (F = 2.597, p = 0.062), nor for COM acceleration in the ML direction at heel strike 
(F = 0.855, p = 0.470) or toe off (F = 0.839, p = 0.479). 
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Table 6.4. COM-COP separation values and COM velocity and acceleration for the young  o  a  g e
significant difference from the young adults, ** denotes a significant difference from
 Young Non-fallers Single fallers le fallers 
 and lder dult roups (mean ± SD) * denot s a 
 the non-fallers 
Multip
AP COM-COP separation 
at heel strike (m) 
0.18 ± 0.02** 0.12 ± 0.03* 0.14 ± 0.03* 0 ± *.15  0.02 * 
AP COM-COP separation 
at toe off (m) 
-0.17 ± 0.01 -0.15 ± 0.02 -0.15 ± 0.02 -0.15 ± 0.03 
AP COM velocity at heel 
strike (m.s-1) 
1.47 ± 0.08 1.21 ± 0.17 1.26 ± 0.16 1.23 ± 0.18 
AP COM acceleration at 
heel strike (m.s-2) 
1.80 ± 0.22** 1.34 ± 0.19* 1.42 ± 0.28 1 ± *
AP COM velocity at toe 
off (m.s-1) 
1.48 ± 0.08 1.24 ± 0.17 1.26 ± 0.15 1.24 ± 0.19 
AP COM acceleration at 
toe off (m.s-2) 
-1.77 ± 0.21 -1.49 ± 0.27 -1.73 ± 0.31 -1.64 ± 0.31 
ML COM-COP separation 
at heel strike (m) 
0.06 ± 0.01 0.05 ± 0.02 0.05 ± 0.02 0.06 ± 0.01 
ML COM-COP separation 
at toe off (m) 
0.06 ± 0.02 0.05 ± 0.02 0.05 ± 0.02 0.05 ± 0.01 
ML COM velocity at heel 
strike (m.s-1) 
0.08 ± 0.01 0.09 ± 0.01 0.08 ± 0.01 0.08 ± 0.02 
ML COM acceleration at 
heel strike (m.s-2) 
0.91 ± 0.14 0.80 ± 0.17 0.89 ± 0.16 0.84 ± 0.13 
ML COM velocity at toe 
off (m.s-1) 
0.11 ± 0.02 0.11 ± 0.02 0.11 ± 0.02 0.10 ± 0.01 
ML COM acceleration at 
toe off  (m.s-2) 
-0.86 ± 0.19 -0.92 ± 0.18 -0.89 ± 0.21 -0.97 ± 0.15 
.60  0.28 * 
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6.3 Turning 360º 
Details of temporal parameters and COM velocities and accelerations are displayed in 
tab .5 e a signi t differ  between groups for time to turn (F = 
3.  p 9,  S re 0. . t 
co t u  s fi ly   t h ltiple fallers (p = 0.024).  
There was also a significant difference between groups for the number of steps taken 
to turn (F = 3.693, p = 0.018. Eta Squared = 0.178).  Post hoc analysis revealed the 
young adults took significantly fewer steps to complete the turn than the multiple 
fa 4
 
As there was a significant difference between some of the groups for turn time (see 
above), this was added as a covariate for analysis of COM velocity and acceleration.  
There was a significant difference between groups for peak anterior COM velocity (F 
= 6.362, p = 0.001, Partial Eta Squared = 0.276).  Contrast analysis revealed these 
differences to be between the young adu n  f s 0 ) 
between the non-fallers and the multiple fallers (p = 0.013).  There was also a 
significant difference between groups for peak posterior COM velocity (F = 7.153, p 
< 0.001, Partial Eta Squared = 0.300).  Contrast analysis revealed these differences to 
be n  y  ts  t o le  0 n  ip llers (p 
= 0.049).  There were no significant differences between groups for peak anterior 
COM acceleration (F = 1.047, p = 0.380) or peak posterior COM acceleration (F = 
0.  4)
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Ta 6. e ra rn am rs  C  v cit and accelerat  f e tic nt up nd tes ig ca ifference fro e 
yo  a s; ** in te i ca t difference from e f s 
 
 Non-Fallers Singl l Multip F s
ble 5. T
ung dult
mpo l tu par ete and OM elo ies ions or th par
dica s a s gnifi n  th non- aller
Young  
ipa gro s *i ica  a s nifi nt d
e Fal ers le aller  
m th
Ti o  (s) 3.86 ± 0.73 5.05 ± 1.11 me t  turn 4.64 ± 1.21 5.24 ± 1.69* 
N teps 6.50 ± 0.78 7.61 ± 1.61 
r COM 
ve ty s-1) 
0 ± * ± 2
ve ty s-1) 
-0.12 ± 0.03 -  1 -0.09 ± 0.0
r COM 
acceleration (m.s-2) 
1.47 ± 0.44 1.18 ± 0.47 1.30 ± 0.38 
acceleration (m.s-2) 
-1.41 ± 0.30 -  6 -1.22 ± 0.3
 
to s tre of turn 
(m ) 
0.07 ± 0.01 0.06 ± 0.02 0.07 ± 0.01 
 
(m ) 
0 ± * ± 1 0.07 ± 0.01 
.s-2) 
1.30 ± 0.18 1.19 ± 0.20 1.31 ± 0.34 
.s-2) 
1.32 ± 0.23 1.13 ± 0.24 1.35 ± 0.33 
umber of s
Peak anterio
loci  (m.
Peak posterior COM 
loci  (m.
Peak anterio
Peak posterior COM 
Peak ML COM velocity
ward  cen
.s
7.70 ± 0.85 7.89 ± 1.44* 
0.09 ± 0.02 0.10 ± 0.03** 
2 -0.09 ± 0.02* 
1.39 ± 0.36 
1 -1.28 ± 0.31 
0.07 ± 0.02 
0.07 ± 0.02 
1.28 ± 0.26 
1.30 ± 0.18 
.12 0.02 * 0.08  0.0 * 
0.08 ± 0.0 * 
1.18 ± 0.4  
.09 0.01 * 0.06  0.0 * 
-1
Peak ML COM velocity
towards outside of turn 
.s-1
Peak ML COM 
acceleration towards 
centre of turn (m
Peak ML COM 
acceleration towards 
outside of turn (m
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.  T  wer  s ificant differences between groups for peak ML COM 
cit  i e e  
eren gr s e L M velocity towards the outside of the turn 
 4.200, p = 0.010, Partial Eta Squared = 0.201).  Contrast analysis showed this 
erence to be between the young adults and the non-fallers (p = 0.008).  There were 
ignificant difference between groups for peak ML COM acceleration towards the 
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8).
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Table 6.6.  COM-COP separation in the d e r he un u
 o Single fallers le fallers 
participant groups *indicates a significant 
Non-fallers 
iffer nce f om t  yo g ad lts 
MultipY ung 
AP COM-COP separation 
c  
1. 1 ± 
at turn initiation ( m)
0 0.88 0  * - ± * -  9- .46 ± 1.04 0.65  1.07  0.65 ± 1.1 * 
AP COM-COP separation 
rst f ot of (cm)
2. 5 ± 
AP COM-COP separation 
at first foot strike (cm) 
3. 9 ± 
k an rior COM-COP 
arati n bet een urn 
atio and rst f ot 
e (c ) 
4. 5 ± 
Peak posterior COM-COP 
arati n bet een urn 
atio and rst f ot 
e (c ) 
-0 22 ±
ML COM-COP separation 
c  
2. 9 ± 
ML COM-COP separation 
rst f ot of (cm)
8. 4 ± 
ML COM-COP separation 
at first foot strike (cm) 
9. 8 ± 
Peak ML COM-COP 
arati n bet een urn 
atio and rst f ot 
e (c ) 
1 60 ±
at fi o f  
9 1.28 .  1  0.99 ± 1.21 1.14 ± 2.08 
0 3.47 0.10 ± 1.45 1.11 ± 2.99 
Pea te
sep o w t
initi n fi o
strik m
0 1.45 .  1  1.79 ± 1.24 2.35 ± 2.61 
sep o w t
initi n fi o
strik m
.  0.92 1   -1.49 ± 1.25 -  6
at turn initiation ( m)
8 1.31 1.74 ± 0.67 1.46 ± 0.94 
at fi o f  
7 2.24 7.24 ± 1.50 6.75 ± 2.92 
1 2.73 8.65 ± 1.66 7.83 ± 2.41 
sep o w t
initi n fi o
strik m
0.  2.57 9.74 ± 2.45 8.78 ± 2.53 
0 66 ± .91*
0.38 ± 2.15 
1 54 ± .68*
- .50 ± 1.11
2.45 ± 2.67 
6.14 ± 2.16 
7.62 ± 2.35 
8.47 ± 2.76 
1.77 ± 2.0 * 
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Due to two participants adopting a turning strategy where they executed a spin rather 
than a step to move their foot initially, these two participants were excluded from 
analysis at foot off and foot strike events.  Therefore, there were 14 non-fallers and 10 
single fallers for the subsequent analyses of COM-COP separation.  There was a 
significant difference between groups for CO
e first toe off (F = 3.267, p = 0.029, Partial Eta Squared = 0.170).  Contrast 
lysis showed the young adults to have a greater COM-COP separation than the 
-fallers (p = 0.043).  There were no significant differences between groups in the 
n  = 0 = 0.282 here w o ni t erences between 
 t g  p  (F = 2.  p = 0.079) or the frontal plane (F = 0.215, p = 
5) at the subsequent heel strike. 
re was a significant difference between groups for the peak anterior COM-COP 
 rr b en turn ation a rs e ke = 3.663, p = 0.019. 
a r  0 ).  Con  analysis showed the young adults to have a 
ificantly greater COM-COP separation than the non-fallers (p = 0.031).  There 
 also a significant difference between groups for peak posterior COM-COP 
aration (F = 3.367, p = 0.026, Partial Eta Squared = 0.174).  Contrast analysis 
w e n u  have s ficantly lower COM-COP separation than the 
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head movement onset (figure 6.4), either expressed as time (thorax F = 0.632, p = 
0.598; pelvis F = 0.748, p = 0.528) or percentage of turn time (thorax F = 0.433, p 
0.730; pelvis F = 0.635, p = 0.596).  There was a significant difference between 
groups for pelvic turn onset latency with respect to the thorax (figure 6.5) both in 
absolute time (F = 5.968, p = 0.001, Eta Squared = 0.250) and expressed as 
percentage of turn time (F = 7.369, p < 0.001, Eta Squared = 0.302).  Post-hoc te
showed the multiple fallers to have significantly shorter latency between the thorax
and the pelvis than the young adults (time p = 0.029; percentage p = 0.001), the non 
fallers (p = 0.001; p = 0.002) and the single fallers (p = 0.025; p = 0.010). 
 
There was no significant difference b
= 
sts 
 
etween groups for latency of foot off with 
spect to turn onset of the head (time F = 1.734, p = 0.172; percentage F = 1.186, p = 
t 
 
re
0.325) or thorax (F = 2.011, p = 0.125; F = 2.411, p = 0.078).  There was a significan
difference for latency of foot off with respect to pelvic turn onset (F = 3.285, p = 
0.028, Eta Squared = 0.168; figure 6.6).  Post hoc analysis showed these differences
to be between the non fallers and the multiple fallers (p = 0.047). 
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Figure 6.4. Reorientation onset of body segments with respect to the head (mean ± 
SD) in absolute time (a) and percentage of turn time (b) for the young adults (■), non 
fallers (■), single fallers (■) and multiple fallers (■) 
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Figure 6.5. Reorientation onset of body segments with respect to the thorax in 
olute time (a) and percentage of turn time (b) for the young adults (■), non fallers 
 
abs
(■), single fallers (■) and multiple fallers (■) * indicates a significant difference from
all other groups 
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Figure 6.6. Reorientation onset of the foot with respect to the pelvis in absolute time 
(a) and percentage of turn time (b) for the young adults (■), non fallers (■), single 
ers (■) and multiple fallers (■) * indicates a significant difference from the non-
llers 
fall
fa
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Chapter 7: Discussion of the standing, walking and turning 
studies 
 
This chapter discusses the results from the quiet standing, walking and turning 
studies, following on from the methods in chapter 5 and the results presented in 
chapter 6. 
 
7.1 Quiet standing 
The purpose of the quiet standing study was to compare COP and COM variables in 
eyes open and eyes closed condition during quiet standing in groups of young 
adults and older adults with a history of no falls, a single fall or multiple falls.  Few 
studies to date have compared the COM-COP separation variable between young 
adults and healthy older adults (Berger et al.  2005a; Masani et al.  2007), and only 
one (Berger et al.  2005b) has compared faller groups amongst higher functioning 
older persons using this variable.   
 
The key findings of the standing study are as follows: 
1. no group differences in COP displacement, but a significantly greater sway 
path for the EC compared to the EO condition; 
2. no group differences in COM displacement in the sagittal plane, but a 
3. young adults place their COM more anterior with respect to the COP than the 
older adults; 
an 
significantly larger magnitude of the COM displacement in the frontal plane 
for the young compared to the older adults; 
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4. older adults have a significantly greater ROM of their COM-COP separation 
in the sagittal plane than young adults, but young adults have a significantly 
ter peak COM-COP separation in the frontal plane than older adults; 
5. older adults have significantly greater peak COM velocities and accelerations 
es have used the displacement of the COP in isolation as a variable to 
 et al.  1995; Brauer et al.  2000; Benjuya et al.  2004; 
l.  2005; Mackey and Robinovitch, 2005; Raymakers et al.  
 
nge 
le 
5; 
he 
ble to distinguish between young adults and 
roups of high-functioning older adults, or alternatively that there are no differences 
studies using COP data in 
isol  
and sug
200 uitable 
measur
dwellin
 
grea
than young adults. 
 
Many studi
investigate balance (Collins
Cornilleau-Pérès et a
2005).  The advantages of using the COP variable include that it is directly measured
and easily quantified.  Previous studies have shown a significantly greater COP ra
of sway in the AP direction for older adults compared to young controls, (Collins et 
al.  1995; Prieto et al.  1996; Amiridis et al.  2003; Laughton et al.  2003; Onambe
et al.  2006), and also in the ML direction (Prieto et al.  1996; Raymakers et al.  200
Onambele et al.  2006).  However, this current standing study suggests that either t
COP is not a sensitive enough varia
g
between these groups.  A review article of prospective 
ation also found the results of studies were conflicting for predicting future falls
gests there could be a ceiling effect for these measures (Piirtola and Era, 
6).  This further supports the current finding that COP in isolation is not a s
e for detecting differences between fallers and non-fallers in community-
g populations. 
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(Maki e y 
ROM i y be 
due t  
lateral y become significant when non fallers are compared to 
ail fallers. 
ed 
er et 
al 
 
le of 
t 
an 
y, in 
ared to the EO condition, for the multiple fallers compared to 
e non-fallers.  This suggests that the multiple fallers in this study were also less 
reliant on visual input for balance during standing than the non-fallers. 
as been reported that lateral sway range is the best single predictor of falling risk 
t al.  1994).  However, there were no significant differences between the swa
n the frontal plane between the faller groups in the present study.  This ma
 to he older population in this study being particularly healthy and mobile, and the
sway range may onl
fr
 
The consistent increase in COP displacement observed in the EC condition compar
to the EO condition in the sagittal plane is consistent with previous findings (Panz
al.  1995; Benjuya et al.  2004; Doyle et al.  2004).  This increase was very similar 
between the young adults (13.2% increase in the EC condition) and the non-fallers 
(13.8% increase), with the single fallers (11.9% increase) and the multiple fallers 
(10.6% increase) showing slightly smaller increases.  Benjuya et al (2004) found the 
increases in the COP path with EC were much larger in young adults than older 
adults, although this was the elliptical path of the COP rather than the ROM in the 
individual planes.  This led to the suggestion that young adults rely more on visu
input during the EO condition than the older adults, and is supported by evidence that
reliance on vision for balance control increases up to the age of 65 and then the ro
vision in balance control declines (Lord and Ward, 1994).  There is also evidence tha
the visual contribution to postural stability is significantly greater in non-fallers th
fallers (Turano et al.  1994).  No significant differences were observed between faller 
groups in the current study, but there was a trend towards a lower increase in swa
the EC condition comp
th
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As there was no concurrent significant increase in the range of motion of the COM in
the eyes closed condition, this may not be an indicator of decreased stability when the 
eyes are closed.  However, this increased COP movement may indicate that the 
accelerations of individual body parts are used to achieve COM stability comparable 
to that achieved in the eyes open condition (Panzer et al.  1995). 
 
 
he range of motion of the COP was larger than the range of motion for the COM for 
ys, 
 is 
nally, when 
T
all groups.  This is due to the COP oscillating either side of the COM to stabilise the 
COM around a neutral position, and is consistent with previous findings and with the 
inverted pendulum model (Hasan et al.  1996; Winter et al.  1996; Winter et al.  
1998). 
 
Few studies have investigated COM displacement during quiet standing than COP 
displacement.  The position of the COM has been estimated in many different wa
including the principles of dynamics based on force plate data (Shimba, 1984), a 
gravity line projection method (Masani et al.  2007) and by assuming that the COM
coincident with the position of a marker fixed to the pelvis (Thirunarayan et al.  
1996).  However, as the accurate estimation of small movements of the COM (as may 
be observed in quiet standing) requires precise measurements of displacements of all 
individual body segments so that the COM can be derived through anthropometric 
modelling (Winter et al.  1998), many previous studies have used methods that may 
not be sensitive enough to measure differences based on the COM displacement.  
Through using a full body marker set, such as Plug-in Gait, and the precision of a 14-
camera motion capture system; the present study demonstrates advantages over 
previous studies that have used these variables in falls research.  Additio
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the COM falls outside the base of support, such as in dynamic tasks such as walking 
and turning described later, force plates cannot be used to accurately estimate the 
position of the COM (Allum and Carpenter, 2005).  Therefore, the same 
anthropometric method for calculating COM was used throughout this thesis. 
 
As the difference between the COM and the COP has been shown to be related to the 
 
e 
 adults predominantly placed their COM anterior to their COP, whilst most of 
e older adults predominantly placed their COM posterior to their COP throughout 
ane 
an 
rd 
le 
movement of the COM (Winter, 1995b), it is logical that measuring the difference 
between the two rather than either in isolation will give more useful information with
regard to balance control.  There were different patterns demonstrated by the older 
compared to the young adults for COM-COP separation in this present study.  Th
younger
th
the trials.  This placement of the COM in a more posterior position in the older adults 
compared to the young adults suggests that the older adults employ more of a hip 
strategy or a combined hip and ankle strategy for balance control in the sagittal pl
than the young adults (Winter, 1995a).  This is supported by the finding that older 
adults have been shown to have significantly more activation of the hamstrings th
young adults during quiet standing (Benjuya et al.  2004).  It is also possible that the 
older adults keep their COM in a more posterior position than the younger adults 
during standing to reduce the forward bending force and the loading of the ankle 
plantarflexors (Gatev et al.  1999).  This is supported by older women with a history 
of falling having reduced muscle strength (peak ankle torque) measured in a forwa
leaning posture than young healthy women (Mackey and Robinovitch, 2006).  The 
elderly women also had reduced speed of response (reaction time and rate of ank
torque generation) than the younger women in balance recovery using the ankle 
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strategy from a forward leaning posture (Mackey and Robinovitch, 2006).  Older 
adults adopt a co-contraction pattern of the soleus and tibialis anterior during quiet
standing whilst young adults rely predominantly on soleus activity (Benju
2004).  This co-contraction would stiffen the ankle joint.  As a consequence, th
 
ya et al.  
e older 
opulation in this current study maintain their COM in a less anterior position to the 
 
nt 
its, 
on 
l.  
ay be 
p
younger population as a conservative strategy for balance control. 
 
The relatively posterior positioning of the COM demonstrated in the older adults, 
compared to the young adults, has implications for the ability of these participants to
recover from a perturbation.  In the occurrence of a large forward perturbation, the 
COM would move quickly posteriorly.  Older adults have been shown to have a later 
onset in postural muscle activation as a result of a perturbation than young adults 
resulting in the COM moving closer to the edge of the base of support (Lin and 
Woollacott, 2002).  With the COM already located in a posterior position in these 
older adults, any perturbation that resulted in the backward movement of the COM 
would mean that a quicker response to this perturbation would be required to preve
the COM passing outside the base of support and a compensatory step needed to 
avoid a fall occurring.  If there is an increased latency in muscular response to this 
type of perturbation, and there is already less distance to travel within stability lim
this will increase the risk of a fall occurring in these older adults compared to the 
young adults. 
 
The older adults have a significantly greater range of motion of COM-COP separati
in the sagittal plane than the young adults, supporting previous findings (Masani et a
2007).  This increase in the COM-COP separation observed in the older adults m
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due to an age-related change in the control strategy employed in quiet standing.  T
current study has the advantage over the study by Masani et al. (2007) in that COM
the current study is calculated through segmental masses rather than using the gravi
line projection method.  Another study that used the COP to estimate COM did not 
find significant differences between young and healthy older adults (Berger et al.  
2005a), which may be due to the method employed not being sensi
he 
 in 
ty 
tive enough to 
etect any differences.  In addition, the Masani et al. study only conducted the 
 
ce 
f 
f the 
lers 
d amplitude measures of COM-
OP separation rather than measures that were comparable to this study.  The 
d
analysis in the sagittal plane, whereas the current study also investigated these 
variables in the frontal plane. 
 
This increased ROM of the COM-COP separation in the sagittal plane observed in the
older adults could be linked to the reduced proprioception reported as a consequen
of ageing (Skinner et al.  1984; Shaffer and Harrison, 2007).  In the occurrence o
reduced proprioception, the COM will drift further before detection and corrective 
feedback mechanisms are applied. 
 
There were no significant differences in the COM-COP separation between any o
faller groups in this study, although there were trends towards a larger ROM of the 
COM-COP separation in the multiple fallers compared to the single and non-fallers.  
Significant differences have been observed previously between fallers and non-fal
(Berger et al.  2005b), although these were area an
C
participants in the study by Berger et al. (2005b) although community dwelling, were 
also very sedentary, so they are unlikely to be comparable to the relatively active 
participants in the present study. 
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The velocity of the COM can play a significant role in anticipating changes in body 
position as it can provide information about the subsequent body position (Masani et 
al.  2003).  The older adults had higher peak and amplitude of COM velocity than the 
young adults in the sagittal plane, although this was only significant between the 
young adults and the non-fallers.  As the older adults have a larger posterior COM-
COP separation than the young adults, a proportionally large anterior COM veloci
would be required to direct the COM back over the base of support for balance 
control (Pai and Patton, 1997).  In addition, a more posterior COM position allo
person to tolerate higher anteri
ty 
ws a 
or velocities without initiating a fall (Pai and Patton, 
997). 
gs 
adults and are consistent with the inverted 
endulum model (Winter, 1995b).  If the COM is further away from the COP, larger 
 
l 
nges 
tion 
tain stability. 
1
 
There were significantly higher acceleration values in the sagittal plane for the older 
adult groups compared to the young adults in this study, supporting previous findin
(Masani et al.  2007).  These higher acceleration values are related to higher COM-
COP separation values in the older 
p
COM accelerations are needed to direct the COM back towards the COP.  However, 
these larger COM accelerations also need to be controlled and may further challenge
the balance control system in these older adults. 
 
The older adults had a significantly lower peak COM-COP separation in the fronta
plane than the young adults.  The young adults may be able to tolerate higher ra
in sway in the frontal plane without challenging their stability control mechanisms, 
whereas the older adults may be employing tighter regulation of sway in this direc
as a conservative strategy to main
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In the frontal plane, the amplitude and peak values of the COM velocity were 
significantly higher for all older groups compared to the young adults.  This is despite
the peak COM-COP separation in this plane being smaller for the older adults 
compared to the young adults.  So unlike the findings in the sagittal plane, where 
larger COM velocity would be expected as there is a larger COM-COP separation f
the older adults, in the frontal plane the COM and COP did not separate as far in the 
older adults compared to the young adults, but the COM moves at a far greater r
This demonstrates that far more postural adjustment is occurring in the older adults in
order to maintain a tighter coupling of the COM to the COP. 
 
 
a 
or 
ate.  
 
he significant differences observed between the young and older adults in this study 
nd less 
ting procedures. 
T
show that there are measurable age-related differences occurring in the way upright 
standing is maintained.  These differences are apparent despite the older population in 
this study being community-dwelling and physically active.  These age-related 
differences may be more apparent in comparison with less independent living a
physically active older people, but further study is needed in relation to COM-COP 
variables to confirm this.  Differences may be detected between faller groups in less 
healthy individuals, although differences in balance ability between frail fallers and 
non-fallers may be apparent with more simple tes
 
In spite of the epidemiological evidence that most falls occur during one form of 
locomotion or another (Winter, 1995b), it is valuable to start with research into quiet 
standing as this can yield considerable information about stability and the postural 
control systems that can then be investigated in locomotion studies. 
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The absence of significant differences between non-fallers and the two faller g
in the current study suggests that standing with and without visual input is not an 
activity that is challenging enough to detect differences in postural control that 
be responsible for their faller status.  Therefore, activities that may provide a greater
challenge to stability were subject to further investigation in these groups of 
community-dwelling older adults.  Also, as most falls occur during dynamic tasks 
rather than standing still (Campbell et al.  1990), investigation into dynamic stability 
should yield more relevant information for falls prevention strategies. 
 
roups 
may 
 
7.2 Walking 
 less time in the 
swing phase than the young adults 
l 
he sagittal plane 
for young adults and multiple fallers compared to the non fallers. 
This is the first study that has investigated dynamic stability measures such as COM-
COP separation during straight-line walking in groups of community-dwelling, older 
non-fallers, single fallers and multiple fallers as well as young adults.  The main 
findings from this study are: 
1.  the young adults walk significantly faster with a longer stride length than the 
older adult groups 
2. the multiple fallers spend significantly longer in the stance phase than young 
adults 
3. the single fallers and the multiple fallers spend significantly
4. COM-COP separation was significantly greater in the sagittal plane at hee
strike for the young adults compared to the non fallers and the single fallers, 
and for the multiple fallers compared to the non fallers 
5. COM acceleration was significantly greater at heel strike in t
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7.2.1 Temporo-spatial characteristics 
The older adults walked significantly slower than the younger adults, supporting 
previous findings (Bohannon, 1997; Buzzi et al.  2003; Menz et al.  2003; Gérin-
Lajoie et al.  2006; Granata and Lockhart, 2008) and the first hypothesis of the study.
There were no significant differences between the faller groups for walking v
Previous findings have been inconclusive as velocity differences for fallers and non
fallers have been reported in some studies (Lee and Kerrigan, 1999; Auvinet et al.  
2003), but not in others (Brach et al.  2005).  However, the faller group
  
elocity.  
-
 in the study 
y Auvinet et al. (2003) consisted of individuals hospitalised for falls in recent 
months prior to testing, which may have resulted in a more cautious gait than typical.  
The participants in the other study (Lee and Kerrigan, 1999) consisted of individuals 
who walked far more slowly (fallers 0.41 ± 0.03m.s-1; control 0.82 ± 0.02 m.s-1) than 
the participants in the present study, suggesting that the older participants were 
tending to frailty far more than those in the present study who were community-
dwelling and who had been relatively active over their lifetime (according to the 
LPAFH) and recently (according to PASE).  It has been suggested that a walking 
velocity of <0.8m.s-1 could be used as a screening cut-off for those with a mobility 
impairment and increased risk of falling (Montero-Odasso et al.  2004).  In the present 
study, the gait velocity was above this for all groups despite there being a group of 
individuals who had experienced multiple falls.  This slow walking velocity may 
therefore be more of an indication of frailty and fall risk associated with frailty, than a 
good indicator of fall risk itself.  However, a slower walking velocity has been 
associated with decreased stability at slip onset (Bhatt et al.  2005), suggesting that 
older adults may be more prone to this type of loss of balance than young adults.  
Slower gait speeds at the time of a slip or faint have also been associated with an 
b
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increased probability of impact on the hip (Smeesters et al.  2001), increasing the 
  
 
ed 
d 
only 
ntrol. 
d 
likelihood of a hip fracture as a result of a fall (Hayes et al.  1993; Schwartz et al.
1998). 
 
There was no cadence difference for young and older adults, and the values are 
similar to those previously reported (Watelain et al.  2000; Menz et al.  2003).  There
was no cadence difference for the faller groups.  Fallers have been previously report
as having a lower cadence during walking than non-fallers (Lee and Kerrigan, 1999; 
Auvinet et al.  2003).  However, as discussed above, the faller groups in these 
previous studies are considered far more frail than the single and multiple faller 
groups used in this present study.  A decreased cadence may be an indicator of frailty 
in older adults, and is unlikely to be an early risk factor for falling in healthy, 
community-dwelling older adults such as the participants in the present study. 
 
There were no differences between the groups for stride time, but there were 
significant differences between the young adults and the multiple fallers for the 
percentage of stride time spent in the stance phase, and between the young adults an
the single and multiple fallers for percentage of stride time spent in swing.  The 
trunk’s angular acceleration is under the control of both limbs, so the only effective 
control can occur during stance (Winter, 1987).  Although these differences were 
small, they were significant, so this greater percentage of stride time spent in stance in 
the multiple fallers represents a compensatory strategy for improving balance co
 
The older adult groups all had a shorter stride length than the young adults.  The 
difference in walking velocity between the young and older adults can be explaine
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by the significantly longer stride length displayed by the young adults.  This 
relationship between stride length and gait velocity has been demonstrated previous
(Winter
ly 
 et al.  1990; Moxley Scarborough et al.  1999; Watelain et al.  2000).  Stride 
ngth has been shown to be correlated with quadriceps (Moxley Scarborough et al.  
e 
een 
ature 
 and 
ave not fallen previously (Brach et al.  2005), although step width was significantly 
n in 
for 
7.2.2 COM and COP measures 
ility to maintain dynamic stability would be evident in the coordination of 
trike 
le
1999) and ankle dorsiflexion strength (Lord et al.  1996).  As the strength of thes
muscle groups declines with increasing age (Hurley et al.  1998; Perry et al.  2007), it 
is unsurprising that there is a decreased stride length with the older groups in this 
study. 
 
There were no differences in step width between young and older adults, or betw
the faller groups.  Increased step width has been described as a common feature in 
elderly gait (Rogers and Mille, 2003), but an increased step width was not a fe
here.  Step width measures have not shown differences between those who have
h
narrower in those that had fallen sideways previously than those who had falle
other directions (Ko et al.  2007).  In the present study, step width was narrower 
the multiple fallers but the result was not significant. 
 
As the visual (Cristarella, 1977; Wojciechowski et al.  1995), vestibular (Rauch et al.  
2001) and proprioceptive (Skinner et al.  1984; Shaffer and Harrison, 2007) inputs 
into the balance control system decline with age, it is reasonable to expect that a 
reduced ab
the COM with the COP.  These differences in the present study occurred at heel s
in the sagittal plane.  Results from this study show that young adults have a greater 
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separation between their COM and COP at heel strike than the older non-falle
single faller groups.  A decreased peak COM-COP separation with increasing age has 
previously been demonstrated in the sagittal plane (Hahn and Chou, 2004).  The 
current study also shows there is greater separation between the COM and COP at 
heel strike for the multiple fallers compared to the non-fallers, despite there being n
difference between these two groups for any of the temporo-spatial characteristics.  
Consequently, the COM-COP separation difference between these two groups of 
older ad
r and 
o 
ults can not be explained by differences in variables such as walking speed 
which was a covariate in the analysis) or stride length.  
r 
 
his is the first time that COM-COP separation has been compared between faller 
groups.  It is possible that the non-fallers adopt a more conservative approach to 
 
(
 
The reduced COM-COP separation observed in the older non-faller and single falle
groups compared to the young adults could demonstrate the adoption of a 
conservative strategy to reduce the body gravity moment around the COP of the feet 
(Jian et al.  1993) at heel strike.  The multiple fallers were not significantly different 
from the young adults, although their actual COM-COP separation was smaller than
the young adults.   
 
T
balance control during gait resulting in a decreased COM to COP distance at heel 
strike.  A greater distance between the COM and COP is expected to result in larger
moment arms for the body weight about joints of the supporting limb (Hahn and 
Chou, 2004). 
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To initiate a step during walking, the COM has to be accelerated in a forward 
direction.  To achieve this, the body is effectively initiating the start of a fall forward 
to take the COM ahead of the base of support, with the fall then averted by the sa
placement of the swing foot (Winter, 1995a).  Consequently a fall is, in effect, 
initiated and averted repeatedly throughout gait.  The multiple fallers in the present 
study, through their increased COM-COP separation and COM acceleration at heel 
strike, are effectively falling faster than the non-fallers and single fallers at the poi
the swing foot is placed.  This is despite there being no differences in either walking
speed or stride length between these groups.  As a result,
fe 
nt 
 
 the multiple fallers are 
emonstrating less control of their posture during gait than the non fallers, which will 
 
older adult 
 
is increased COM-COP separation at heel strike in the multiple 
llers is likely to be the increased percentage of stride time spent in the stance phase 
g 
 
rs have been modelled to support the body whilst slowing forward 
rogression from heel strike to foot-flat (Liu et al.  2006), and the ankle muscles 
produce a small dorsiflexor moment to lower the foot to the ground (Winter et al.  
d
result in decreased stability in the sagittal plane.  Although this may appear to suggest
that the young adults are demonstrating even less postural control than the 
groups, as they have an even greater COM-COP separation at heel strike (although 
also a greater walking speed and stride length), these values are more critical in terms 
of stability in older adults due to age-related declines in muscle strength (see below). 
A compensation for th
fa
observed in this group, which allows more time for the deceleration of the forward 
momentum of the COM following placement of the swing leg, and stability durin
stance to subsequently move the COM in front of the base of support again for the
next step (Judge et al.  1996). 
 
The dorsiflexo
p
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1990).  Reductions in the strength (Pääsuke et al.  2000; Perry et al.  2007) and
(McNeil et al.  2007; Perry et al.  2007) of both the dorsiflexors and plantarflexors 
have been observed in older adults compared to young adults.  Furthermore, 
reductions in the strength (Skelton et al.  2002; Perry et al.  2007) and power (P
al.  2007) of the dorsiflexors have also been detected in  community-dwelling fallers
compared to non-fallers , so any reduced strength of the ankle musculature associate
with ageing or fall status will limit the body’s ability to curb the greater forward 
acceleration of the COM observed in the multiple faller group in this study during the
heel strike to foot flat phase of the gait cycle.  The hip and knee extensors, primar
the vasti and gluteus maximus, also provide vertical support during the first half of 
stance as they slow forward progression (Liu et al.  2006).  Reductions in knee 
extensor strength have been observed in older adults compared to young adults 
(Hurley et al.  1998) and knee extensor strength has been shown to reduce with 
increasing age from the fourth decade (Lindle et al.  1997) with loss of strength 
reported at ~3% per year in adults aged over 70 years old (Goodpaster et al.  2006).  
These age-related declines in muscle strength in the lower limb indicate that the 
multiple fallers will demonstrate less stability at heel strike than the young adults, 
despite having similar measures of COM-COP separation.  The greater strength in th
younger adults would facilitate the decrease of the forward acceleration of the COM
required from heel strike to foot flat to maintain stability, whereas the lower strength
in the older adults presents a gr
 power 
erry et 
 
d 
 
ily 
e 
 
 
eater challenge in maintaining upright balance at this 
hase of the gait cycle. 
r 
at 
p
 
The most hazardous phase for a slip during level walking is the period shortly afte
heel strike of the swing leg (Gatts and Woollacott, 2007).  Forward slips occurring 
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heel strike are the most challenging type of slip for both young and older adults (Tang 
and Woollacott, 1998).  Therefore, postural control is especially important at this 
phase of the gait cycle to control the forward momentum of the COM and to a
balance recovery if walking is perturbed.   The tibialis anterior, rectus femoris and 
biceps femoris are the predominant muscles used to regain balance when a slip occurs
at heel strike, and older adults displayed longer onset latencies and smaller burst 
magnitudes in response to a slip than young adults (Tang and Woollacott, 1998). 
implications of this delayed and reduced response in the event of a slip, and the 
reduced muscular strength and power in the lower limbs associated with ageing 
(McNeil et al.  2007; Perry et al.  2007) may place the multiple fallers at an increase
chance of experiencing a fall. 
 
The use of walking speed as a covariate is justified as local dynamic stability has
demonstrated to be influenced by walking velocity (England and Granata, 2007).
Differences in self-selected walking speed have been suggested to influence the 
COM-COP distance (Hass et al.  2005).  By using walking speed as a covariate, t
present study has accounted for any differences in walking speed that may be prese
The self-selection of walking speed, cadence and step length are proposed to be 
optimal for the stability of an individual’s head and pelvis accelerations in the vertica
and AP directions (Latt et al.  2008).  Therefore, analysing gait at the preferred speed 
in this sample population allows an assessment of stability that is optimal during 
locomotion, rather than 
ssist in 
 
 The 
d 
 been 
  
his 
nt.  
l 
as an artefact of controlling speed. 
 
There were no differences between any of the groups in the frontal plane, although 
there was a trend towards lower COM-COP separation in the older adults.  Sideways 
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imbalance is harder to control than forward imbalance, where a compensatory step 
can be taken to regain stability (Heasley et al.  2005).  As falls to the side are more
likely to results in serious injuries such as hip fracture, it is perhaps unsurprising that 
older people adopt a more conservative approach to balance control in the frontal 
plane.  The older adults utilised a narrower step width than the younger adults, 
although this was not significant, and this coupled with the trend towards decreas
COM-COP separation at foot off may be a strategy to reduce the gravitational 
moment of the COM in the ML direction to try to minimise lateral instability 
(Woollacott and Tang, 1997) in these older adults.  The hip abductors are though
play a significant role in maintaining ML stability as the COM shifts rapidly between 
each foot (Hahn et al.  2005).  
 
ed 
t to 
A greater percentage of the capacity of the gluteus 
edius was required during walking for elderly compared to young participants, 
ities 
 
of this study, and 
emonstrate that these posturographical measures are useful measurement tools to use 
m
however their maximal strength was also significantly weaker (Hahn et al.  2005).  As 
there were no differences between faller groups for COM-COP separation in the 
mediolateral direction, this indicated that the older adult groups have similar abil
to maintain balance in the frontal plane. 
 
This is the first time that COM and COP relationships have been analysed during
walking in groups of community-dwelling older adults with histories of no falls, a 
single fall or multiple falls.  The significant differences observed in COM-COP 
separation and COM acceleration at heel strike in the sagittal plane between non-
fallers and multiple fallers supported the second hypothesis 
d
in studies of this nature. The COM-COP variable has been shown to be modifiable 
after a 3-week physical activity intervention (Gatts and Woollacott, 2007), so this 
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variable would appear to represent a valid outcome measure in physical activity 
intervention trials for reducing fall risk. 
 
Age-related differences in dynamic stability have been detected in more complex 
situations such as obstacle crossing (Hahn and Chou, 2004), in gait temporo-spa
changes during dual-task walking (Hollman et al.  2007), and larger increases in trun
motion have been detected in older compared to young adults when negotiating
multi-surface terrain (Marigold and Patla, 2008).  Differences in the magnitud
COM-COP moment arm during gait initiation between healthy older people and in 
older people with vestibular dysfunction have also been reported (Chang and Krebs, 
1999).To follow this research, therefore, it would be interesting to further investiga
more complex situations such as gait transitions, dual-task walking, obstacle cross
walking on an uneven surface or turning to gain further information about postural 
control using COM and COP measures in this population, and to determine wheth
further differences can be identified between groups of community-dwelling older 
adults with and without a history of fallin
tial 
k 
 a 
e of the 
te 
ing,  
er 
g (see Chapter 8). 
 
7.3 Turning 360º 
The biomechanical assessment of turning is of particular importance as falls when 
backward fall (Cumming and Klineberg, 1994).  A fall to the side is more likely to 
 
et al.  1998), and falls when turning account for ~18% of hip fractures (Nevitt and 
 
turning have a higher likelihood of resulting in a sideways fall than a forward or 
result in a hip fracture than a fall forward or backward (Hayes et al.  1993; Greenspan
Cummings, 1993).  The ability to turn has been identified as an important task of 
daily living, and the evaluation of turning has been included in many clinical 
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assessments to determine those at risk of falling (Tinetti, 1986; Berg et al.  1989;
Reubens and Siu, 1990; Podsiadlo and R
 
ichardson, 1991; Bloem et al.  2001; Dite and 
emple, 2002).  This is the first study of its kind to investigate a standing 360º turn 
f 
ll 
d 
 
6. head yaw preceded other reorientation of body segments in all participants 
when the 360º turn was initiated 
7. the latency of reorientation of the pelvis with respect to the thorax was much 
 
 
t 
T
using objective, biomechanical methods.  This study also investigated the effects o
ageing on the ability to turn 360º, and further investigated whether there were any fa
status related differences when turning 360º. 
 
The main significant findings of this study are: 
1. the multiple fallers took longer to turn than the young adults 
2. multiple fallers utilised more steps to turn than the young adults 
3. young adults and multiple fallers had higher peak anterior COM velocity than 
the non fallers 
4. young adults had higher peak posterior COM velocity than the non fallers an
the multiple fallers 
5. non-fallers had lower COM velocity towards the outside of the turn than the
young adults 
shorter in multiple fallers than all other groups. 
7.3.1 Time to turn 
The multiple fallers took the longest time of the 4 groups to complete the 360º turn,
and this was significantly longer than for the young adults, thus supporting the firs
research hypothesis.  A longer turn time has been identified as an indicator of 
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difficulty when turning (Thigpen et al.  2000), and multiple fallers have previously
been shown to take a longer time to turn when executing a 180º turn in walking than 
non-multiple fallers (Dite and Temple, 2002).  Normal turning movement has been 
rated as being able to complete a 360º turn in under 4 seconds (Berg et al.  1989), 
which the young adult group accomplished but the older adults did not.  However, the 
participants in this current study were not requ
 
ested to turn as quickly as they could 
ut in their own speed which might partly account for this.  The participants were 
were exhibiting a typical movement 
pat ity of daily 
livi ciated with 
fall  
not com g.  This longer turn time reported by Lipsitz et al. may be a 
stro
indictor of fall risk, particularly in an independent-living population of older adults. 
 
7.3.2 Number of steps 
The  
this was significantly more than the young adults, also supporting the first hypothesis.  
The
coordin isplayed a more en-bloc 
rning pattern during turn initiation (see section 7.4.3) compared to the other 
however the multiple fallers did not use significantly more steps 
 
ty 
f more 
b
requested to turn at their own speed so that they 
tern that would relate to their movement when conducting an activ
ng.  In another study a turn time of greater than 9.1 seconds was asso
ing (Lipsitz et al.  1991), although the participants were classified as frail and were
munity-dwellin
nger indicator of frailty and frailty-related falls rather than a strong independent 
 multiple fallers took more steps to turn than the other groups in this study, and
 use of more steps when turning is thought to indicate instability and the loss of 
ation (Fuller et al.  2007).  The multiple fallers d
tu
participant groups, 
than either the non-faller or single faller groups in this study.  Therefore, the number
of steps used to turn is not a sensitive enough measure to detect differences in stabili
between fallers and non-fallers in community-dwelling older adults.  The use o
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than 12 steps to complete a 360º turn was previously associated with falling althoug
all the participants were classified as frail and were not community-dwelling (Lipsitz 
et al.  1991).  This is considerably more steps than the multiple faller group used in 
this current study (7.89 ± 1.44 steps), which may reflect the study population being
less frail than the population employed by Lipsitz et al. 
 
Multiple fallers have also been found to take more steps to turn in other turning 
studies, such as during a 180º turn taken during gait (Dite and Temple, 2002).  The 
participants who had experienced multiple falls in the previous 6 months took on 
average an extra two steps to complete the turn compared to those who had only 
experienced one fall.  As with the time to turn mentioned above, the number of steps 
to turn may be more an indicator of frailty in older adults and was not a sensitive 
enough measure to differentiate between those who have and have not experienced 
falls in otherwise healthy, community-dwelling older adults. 
h 
 
l reorientation 
 et al.  
 
 
7.3.3 Onset of segmenta
All of the participant groups demonstrated head yaw as the first movement in the 
initiation of a 360º turn.  Head yaw has been shown as the first movement in studies 
involving different forms of turning such as walking a circular path (Grasso et al.  
1996; Courtine and Schieppati, 2003), turning 30º, 60º (Hollands et al.  2001; 
Hollands et al.  2002), 40º (Fuller et al.  2007) or 90º (Grasso et al.  1998; Imai
2001; Lamontagne et al.  2007) when walking, and turning 45, 90 and 135º from a 
stationary start (Hollands et al.  2004).  Although eye movement was not measured in
this current study, it is appropriate to suggest that as movement started at the head this 
was a strategy adopted by the participants to look where they were going.  This gaze-
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centric control strategy has been demonstrated previously when turning, and suggests 
that aligning the head with the new travel direction prior to reorientation of the rest of 
the body is an important component of the steering strategy (Hollands et al.  2002).  
The results of this current study demonstrate that this initial head yaw to initiate a 
360º turn is present in both young and older adults, regardless of their faller status. 
unk, 
icantly shorter latency 
etween reorientation onset of the thorax and the pelvis at the initiation of the turn.  
This was significantly shorter for both absolute time and for percentage of turn time.  
 
xham 
 
The majority of studies reporting segment reorientation have reported only the tr
rather than the thorax and the pelvis.  When the pelvis has been identified as a 
separate segment, in healthy participants, turning 60º (Huxham et al.  2008), 90º 
(Lamontagne et al.  2007) and 120º (Huxham et al.  2008) when walking was 
achieved by an onset of segment reorientation initiated by the head and followed by 
the thorax and then the pelvis. 
 
The multiple fallers in the present study demonstrated a signif
b
The multiple fallers are therefore demonstrating a more en-bloc strategy of turning
their thorax and pelvis compared to the other groups, supporting the second 
hypothesis of the study.  This more en-bloc strategy has also been demonstrated in 
stroke patients (Lamontagne et al.  2007) and Parkinson’s disease patients (Hu
et al.  2008), both of which are patient groups prone to falls.  In a comparison of older 
and young adults conducting rapid head movements during walking, older adults 
showed more synchronous movement between their trunk and pelvis than young 
adults, who were able to demonstrate the stabilisation of one body segment relative to 
another (Paquette et al.  2006). 
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 The implications of a more rigid trunk position during turning are unclear.  This could 
be a strategy adopted to compensate for a decreased ability to stabilise the thorax and
the pelvis independently possibly due to a deficiency in postural control and theref
simplifying the control process whilst turning, or it could demonstrate increased 
 
ore 
gidity in the axial skeleton.  As this en-bloc turning strategy of the thorax and pelvis 
orthy 
of 
anisms 
7.3.4 COM and COP measures 
sults of the standing balance study (section 7.1), 
ri
has been observed in stroke and Parkinson disease patients previously, and now in 
community-dwelling older adults who have experienced multiple falls, this is w
of further investigation to establish whether this can be used as a strong indicator 
those at increased risk of falling and to gain a better understanding of the mech
involved that lead to this segment reorientation strategy. 
 
The two biomechanical requirements for successful gait initiation are the generation 
of momentum and the maintenance of balance (Polcyn et al.  1998).  These 
requirements will also be valid for the initiation of a turn, such as the 360º turn from a 
stationary position.  The initiation of a turn from a stationary position, like the 
initiation of gait, requires a transition from being relatively stationary to moving.  As 
in gait initiation, turn initiation affects stability by moving from the relatively wide 
and stable base of double-limb support to the narrower and less stable single-limb 
support. 
 
The COM was positioned significantly posteriorly in the older adults compared to the 
young adults when plotted with respect to the COP at the initiation of the turn.  This 
was unsurprising based on the re
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where the COM was located in a relatively posterior position in the older adults in 
 be 
 
e 360º turn the intended 
rogression of the body is rotation.  The uncoupling of the COM and the COP during 
gait initiation is believed to generate forward momentum (Hass et al.  2005), however 
 
tion. 
h this 
  
e 
sed stability in older adults. 
 
ng a 
quiet standing, as the turn in this study was initiated from a quiet standing starting 
point. 
 
Gait initiation can only begin if the COM and COP separate.  This theory can also
applied to the initiation of a turn from a stationary start.  The COM was shifted 
anteriorly with respect to the COP between the initiation of the turn and the foot off
event in this current study.  The COM-COP separation measured at toe off in the 
sagittal plane for the young adults was similar to that reported previously for gait 
initiation (Martin et al.  2002).  This is despite the fact that in gait initiation the 
intended progression of the body is forward, whereas in th
p
as this uncoupling is also present in this turning study the uncoupling of the COM and
the COP must also facilitate the rotational momentum required for turn initia
The young adults had greater COM-COP separation than the older adults throughout 
this turn initiation process up to the first foot strike in the sagittal plane, althoug
was only significantly different from the non-fallers.  These age-related reductions in 
COM-COP separation have been previously reported for gait initiation (Martin et al.
2002), and are proposed to be a conservative balance control strategy to compensat
for decrea
 
In a study of gait initiation in patients with Parkinson’s disease, it was suggested that 
these individuals placed greater emphasis on ML weight transfer so that the forces are
enhanced which subsequently move the COM closer to the stance leg prior to taki
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step (Hass et al.  2008).  As a result of the stance limb being fully loaded, the patien
were able to simply pick up and step with their swing limb.  There were no signific
differen
ts 
ant 
ces between groups in this present turning study for COM-COP separation in 
e ML direction at the beginning of the turn.  However, the older adults did display 
-
er 
 
ighest peak COM accelerations in the sagittal 
lane, despite having the slowest turn time.  Although this was not significant, there is 
th
less separation than the young adults in this direction for all measures.  This may 
demonstrate a more conservative balance control for the older adults in this ML 
direction, and also may assist their turn initiation to compensate for any potential age
related strength differences. 
 
COP data in this present study was only analysed as far as the first foot strike aft
turn initiation.  This was because the relatively small size of the force plates 
(combined area of 800 x 600 mm) resulted in many of the participants stepping off 
one or both of the force plates during the turn so COP could not be calculated 
throughout the turn.  It would be interesting to conduct further testing on the 360º turn 
using additional or larger force plates that allow data to be collected throughout the
turn.  This could provide more information about the mechanisms of stability 
throughout the turning process rather than just the initial part of the turn (see Chapter 
8). 
 
The multiple fallers had the fastest peak COM velocities in all directions of the older 
adults groups during the turn and the h
p
still an indication that the control of the COM might be reduced during turning in 
those individuals who have suffered multiple falls.  These variables are worthy of 
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further research in less active and independent older adults to establish whether the 
control of the COM during turning is diminished with decreasing levels of function. 
 
Further research could also be conducted to establish whether this increased COM 
velocity and acceleration in the multiple fallers compared to the other older adults
groups is related to segmental reorientation strategies.  It is possible that the en-b
thorax with respect to pelvis turning strategy at the initiation of the turn in the 
multiple fallers may have implicatio
 
loc 
ns for the control of the COM during the turn, and 
erefore the control of dynamic stability throughout the turning movement.  This 
per et al.  
ing 
g a standing turn as opposed to a turn during walking is that this separates 
ifferences in turning from the differences that may be present during walking.  
he 
whether these differences in segmental reorientation onset during turn initiation are 
th
could have further implications as an abnormal turn score in clinical testing was 
associated with falls when turning caused by a perturbation of the COM (Top
1993). 
 
Standing turn performance is used in clinical tests to delineate elderly fallers from 
non-fallers.  The 360º standing turn is utilised in two clinical assessments (Tinetti, 
1986; Berg et al.  1989), although other assessments have used a 180º turn dur
walking (Podsiadlo and Richardson, 1991; Bloem et al.  2001).  An advantage of 
usin
d
However, the measurements taken in the clinical assessments of the 360º turn, e.g. 
time to turn, are not sensitive enough to discriminate between fallers and non-fallers 
in community dwelling older adults.  The use of the 360º standing turn does show 
differences between fallers and non-fallers, but only if sensitive variables such as t
onset of segment reorientation are measured.  Further research could determine 
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also present between faller groups in turns of shorter rotational duration, e.g. 90º, or 
whether the added complexity of greater rotation presented by a 360º turn is necessary 
 elicit the presence of these observed differences between multiple fallers and non-
 
ted to 
n 
the 
nd pelvis movement. 
to
fallers. 
 
This is the first time that a biomechanical assessment has been conducted on the 360º
standing turn, despite this movement being an item on clinical assessments rela
balance and fall risk.  There are clear trends towards lower stability from the young 
adults to the older adults shown in many of the analysed measures.  There is also a
apparent difference in segment reorientation onset at the beginning of the turn in 
multiple fallers compared to all other groups resulting in a more en-bloc strategy of 
thorax a
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Chapter 8: Conclusions, implications and recommendations 
for further research 
 
owing chapter restates the first five aims of the thesis and against each 
entifies the key findings from the research and their practical implications.  Based 
nt 
 
8.1 Assessment and attainment of recommended levels of physical activity over 
the life-course and falls in older adults 
 
8.1.1 Achievement of aims and implications 
The first aim of this thesis was to design a new tool to retrospectively measure the 
lifetime adherence to recommended levels of physical activity based on attainment of 
the physical activity guidelines stated at the start of the research programme (i.e. for 
adults, attainment of 30 minutes of at least moderate intensity physical activity on at 
least five days per week).  This aim was accomplished through the development of the 
Lifetime Physical Activity & Falls History (LPAFH) questionnaire that was designed 
to be an easily administered and time-economical recall tool specifically for the 
assessment of attainment of recommended levels of physical activity over the lifetime 
The foll
id
on these findings, recommendations for further research are made for continued 
academic investigation into physical activity guideline evidence, biomechanical  
assessment of dynamic stability and falls in older adults.  In doing so, the achieveme
of the sixth and final aim of the thesis stated as ‘to propose recommendations based 
on this work for future research and to make suggestions for physical activity 
guidelines specifically with the aim to reduce the risk of falling’ is implicit 
throughout. 
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and falls history (including falls as outcomes, injury received from falling and fear of 
falling).  The requirement to assess guideline specific physical activity level and 
intensity information over the participant’s lifetime necessitated that the instrument 
liable 
 
 
 10 
e 
ion to 
 the Department of Health’s 2004 physical activity guidelines for health 
ver the life-course) and therefore used to further investigate lifetime physical activity 
recommendation attainment and fall history in similar samples of community-
hether lifetime adherence to the physical 
, 
a 
was clearly focussed to permit it to be acceptable to participants and to gather re
data.  The development and piloting undertaken led to the reduction of the number of
items due to participant time concerns and specificity of the information desired,
reduction in the response options available to the participants (e.g. the FES from a
to 5 point response scale) and the combination of item responses in order to maximise 
test-retest reliability assessed using Kappa and both absolute and relative percentage 
level of agreement.  Based on these findings, the practical implication is that th
LPAFH can be used as a reliable measure of physical activity recall (in relat
attainment of
o
dwelling older adults.  
 
The second aim of the thesis was to assess w
activity recommendations evident at the initiation of the research programme has a 
preventative effect on fall occurrence in community-dwelling older persons.  Through 
completion of the new LPAFH questionnaire, the 314 respondents in this study 
demonstrated higher than anticipated physical activity levels throughout their lifetime
with the percentage of individuals adhering to current physical activity 
recommendations only dropping below 50% in the 60s for the men and the 70s for the 
women.  This confirms that the volunteer sample used in the research represents 
 170
very active subset of the population, and as such, the implications of the findings to 
other different populations may be limited.   
 
It should be emphasised however, that the data generated from the LPAFH 
questionnaire are novel in that the distinction between occupational and leisure 
activity was intentionally not made.  The data are therefore, more aligned with the
recommendations that specify time and intensity without concern for ‘when’ during 
the day such activity is performed.  Therefore this would permit the sample to include 
consideration of physical activities that in previous surveys would have been 
intentionally compartmentalised or even excluded as non-health promoting physi
activities e.g. household activities that 30 years ago would have required moderatel
intense levels of physical activity, as opposed to similar more automated activities in 
today’s technologically advanced world.  As such, the nature of the sample, the 
reliance on recall and the holistic focus of the LPAFH tool could potentially ex
the higher levels of phy
 
cal 
y 
plain 
sical activity reported in this thesis, particularly in the females.  
he fact that there appeared to be a decline in compliance with the physical activity 
lassed as 
outside the home.  These findings alone demonstrate that despite their independent 
T
guidelines with increased age does, however, mirror the trend for reduced levels of 
physical activity as age progresses into old adulthood.  As such, this study can also 
conclude that this decrease in activity is a process that occurs with age rather than 
purely a difference in behaviour across generations.   
 
Despite the high activity levels of this study sample, with the majority c
‘active enough’ over their lifetime, 72% had experienced a fall, with proportionately 
more women than men reporting falling and with the majority of falls occurring 
 171
living, and relatively high level of physical activity (which may of course lead them to 
encounter more challenging situations) the sample are an important “at risk” group for 
xperiencing a fall.  They are therefore considered noteworthy as a study population 
ith more 
n as 
ll 
the first 
 
 who at the time of 
articipation were community dwelling and cognitively intact.  There was, however, a 
 
e
for falls research in their own right and in addition to research undertaken w
frail populations.  The effect of experiencing a fall in this group is also of concer
those who had experienced a fall were significantly more fearful of a subsequent fa
than those who had not yet experienced a fall.  This was mirrored by a lower 
confidence in the ability to carry out many different everyday tasks being evident in 
fallers compared to non-fallers.  The implication, therefore, is that preventing 
fall is a key priority if in addition to reducing the physical ramifications from a fall, 
reducing fear of falling and thus enhancing quality of life is a healthcare goal.   
 
Individuals who attain the Department of Health 2004 recommendations of 30 
minutes of at least moderate intensity physical activity on five days a week during 
their lifetime do not experience significant reduction in fall occurrence than those who 
do not achieve these recommendations.  Achievement of the guidelines also did not 
offer benefits when investigating the occurrence of multiple falls compared to single
falls or no falls.  From these data, it can therefore be concluded that achievement of 
the 2004 physical activity guidelines over the adult life-course offers insufficient 
protection against subsequent falls in males or females
p
tendency in the data toward decreased fall occurrence in those who had been most
active over the life-course.  Although not empirically supported by the current 
conclusion, promotion of increased levels of habitual physical activity should be 
encouraged as other health benefits such as decreased cancer risk (Friedenreich and 
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Cust, 2008), decreased risk of coronary heart disease (Batty, 2002) increased bone 
quality and strength (Daly and Bass, 2006), and increased bone mineral density 
(Kolbe-Alexander et al.  2004) have been identified.  Further research is required  to 
identify how much and what type of activity is needed over the life course to confer 
benefits for falls prevention. 
 
The findings of this study and the conclusions drawn from them lead to practi
recommendations that messages for the promotion of the attainment of fall-preventin
levels of physical activity (whatever these levels may eventually be determined to be) 
should be both gender and age specific as well as directly relevant to the ‘nature’ of 
the sample towards which the messages are aimed.  It is also recommended that 
cal 
g 
such 
dvice be related to ‘how’ and ‘where’ falls are most likely to occur, and in doing so 
lop 
8.1.2 Further research 
 for 
a
suggest strategies to either minimise the external causes of such falls, or to deve
‘situation-specific’ interventions for both active and less active older adults. 
 
The achievement of the first two aims of the thesis successfully created a new 
assessment tool and subsequently questioned the efficacy of the then ‘current’ 
physical activity guidelines for reducing falls. It also identified the following areas
future research. 
 
Since the LPAFH questionnaire was developed and employed in this thesis, the 
physical activity guidelines for older adults in the USA have been revised to 
incorporate additional specific types and quantities of physical activity.  These 
guidelines offered by the ACSM and the American Heart Association (2007) have 
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specifically targeted older adults as opposed to just ‘adults’.  As well as advocating 
the previously recommended levels and duration of aerobic physical activity (as 
assessed by the LPAFH), these revised recommendations include advice on activity to
improve and/or maintain balance and flexibility as well as muscle strengthening 
exercises (Nelson et al.  2007
 
).  These guidelines are not limited only to weight 
aining programmes, but also include activities like weight-bearing callisthenics and 
esearch. 
Further research is recommended with the LPAFH instrument first to establish its 
bility 
FH to incorporate more ‘situation specific’ items that would enable it 
 be used in different settings such as care or residential homes.    
 
or 
tr
stair climbing.  This gives flexibility to the recommendations, which allows 
individuals to engage in other activities for muscle strengthening benefits rather than 
purely weight training.  The inclusion of balance activity has been recommended for 
older adults previously (American Geriatrics Society et al.  2001), however in both 
sets of recommendations there is no recommendation of the preferred types, 
frequency or duration of balance activity.  The efficacy of such revised and more 
focussed guidelines aimed specifically at an older population will therefore be 
important to establish in future retrospective lifetime recall and intervention r
 
suitability in another similar sample in England, before investigating its applica
for use in more ethnically diverse samples, in different countries and in different age 
groups.  Whilst clearly designed for the sample target group, it may also be possible 
to adapt the LPA
to
 
Additionally, and already as a reliable recall tool for lifetime attainment of aerobic 
physical activity recommendations, the LPAFH instrument could be extended to
incorporate an existing 7-day recall instrument such as the Physical Activity Scale f
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the Elderly (Washburn et al.  1993).  A more focussed 12-month recall instrument 
could also be appended as the conclusions drawn from the current thesis may sug
that investigation of more recent levels of physical activity might be more informative 
in relation to reducing immediate fall risk. 
 
Adaptation and revision of the LPAFH tool could also permit the inclusion of 
additional items that would gather data relating to the revised recommendatio
covering such features as physical activities performed that may improve balance, co-
ordination and strength and in particular in those regions of the body most associated 
with falls.  Even in its current form, the LPAFH questionnaire could be used as a 
template to which additional items may be added to enable the efficacy of suc
revised guidelines for the prevention of falls to be investigated in similar samples 
older adults.  Caution is afforded to the generalisability of the LPAFH tool, how
which has currently only been developed and its test-retest reliability established in a 
gest 
ns 
h 
of 
ever, 
ommunity dwelling, cognitively intact sample of older adults in England. 
 LPAFH 
uestionnaire, with successive versions of questionnaires designed to limit recall error 
f 
 
c
 
It must be emphasised that unless a programme of study is able to be longitudinal 
over several decades, recall questionnaires are a necessary method to evaluate the 
aetiological effects of physical activity on the development of subsequent chronic 
disease or conditions, in this case falls.  Therefore, the limitations of such instruments 
need to be accepted and accommodated, as they have been with the
q
as much as possible and to gather focussed information against which the efficacy o
condition-specific physical activity recommendation can be judged.  One concern
with all recall instruments, however, is their validation.  Whilst responses to all 
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questionnaires are liable to participant subjective response, the use of objective 
measurements concurrently to an instrument designed to recall distant lifetime 
physical activity is implausible.   
 
The development of the LPAFH questionnaire and the original findings and 
8.2 Stability of Balance, Gait and Turning in Older Adults 
8.2.1  Achievement of aims and implications 
The third aim of the thesis was to assess whether there are differences in stability 
measures in standing associated with age and with fall status.  In order to achieve this, 
COM and COP motion were measured in a group of young controls, and groups of 
older adults classified based on their falls history from the LPAFH questionnaire (non 
fallers, single fallers, multiple fallers).  Few studies have compared the COM-COP 
separation variable between young adults and healthy older adults (Berger et al.  
2005a; Masani et al.  2007), and only one to date (Berger et al.  2005b) has compared 
faller groups amongst higher functioning older persons using this variable. 
 
Group differences were detected with reference to age rather than fall status.  The 
young adults predominantly placed their COM anterior to their COP throughout the 
conclusions from its use in this thesis have therefore furthered knowledge and 
understanding regarding lifetime physical activity guideline attainment and fall 
occurrence in community-dwelling older adults.  This research should therefore 
stimulate novel academic research that may have the potential to influence future 
applied physical activity recommendations throughout the life-course that are 
designed to reduce falls in older adults. 
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standing trials, whereas the older adults primarily placed their COM posterior to
COP throughout the trials.  This indicates that the older adults were employing 
of a hip strategy or combined hip a
 their 
more 
nd ankle strategy for balance control in the sagittal 
lane than the young adults (Winter, 1995a).  This strategy adopted by the older 
atev et 
dults to 
 
lso 
kinner et al.  1984) allowing the COM to 
rift further away from the COP before detection and subsequent correction.  The 
separation of COM-COP, however, did not demonstrate any significant differences 
between community-dwelling older adults based on their fall history.   
 
The significant differences found in these measures between young and old groups 
support that such measures are able to detect differences resultant from approximately 
45 years of ageing.  However, the conclusion drawn from the lack of differentiation 
between faller groups is that the 30-second standing test used in this thesis is not an 
effective measure for differentiating between different faller groups of older adults.  
The implication of this is that the use of simple test protocols that are static in nature 
are not suitable for use with community dwelling, cognitively intact older adults in 
clinical settings for screening for fall relevant parameters or as outcome measures in 
intervention trials. 
 
p
adults reduces the forward bending force and loading of the plantarflexors (G
al.  1999) and is indicative of a compensatory strategy employed by the older a
account for the age-related decrease in muscle strength in the ankle musculature
(Pääsuke et al.  2000; McNeil et al.  2007; Perry et al.  2007).  The older adults a
demonstrated an increased range of motion of their COM-COP separation in the 
sagittal plane than the young adults, due possibly to the reduced level of 
proprioception associated with ageing (S
d
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The fourth aim of thesis was to assess whether there are differences in the dynamic 
stability of walking associated with age and with fall status.  This is the first study tha
has investigated dynamic stability measures such as COM-COP separation during 
straight-line walking in groups of community-dwelling, older non-fallers, single 
fallers and multiple fallers as well as young adult controls.  Such research is vitally 
important as walking has been reported as the activity when the highest number of 
falls occur (Berg et al.  1997), 40% of hip fractures result from falls during walki
(Nevitt and Cummings, 1993) and walking has also been reported as the most popula
form of physical activity for all adults (Taylor et al.  2004).  If walking is a comm
activity associated with falling, and also the most common form of physic
it is essential to increase understanding of the mechanisms of stability during walki
to reduce the risk of falling and also to encourage this form of activity in a safe and
controlled way. 
 
t 
ng 
r 
on 
al activity, 
ng 
 
he conclusions drawn from the study identify that the older adults walked slower 
 
y-
 
 do not provide enough information by themselves to discriminate 
etween faller groups in studies of this nature, or as measures of the effectiveness of a 
T
than the young adults and utilised a shorter stride length.  The multiple fallers also 
spent significantly longer in stance as a percentage of their stride time than the young 
adults, but there were no differences in the commonly measured temporo-spatial 
characteristics of gait (e.g. walking speed, cadence, stride time, stride length, step 
width) between the older adult faller groups.  These summary measures of gait only 
provide an indirect measure of the stability of walking, however, and are not sensitive
enough to detect any difference in stability in walking between groups of communit
dwelling older adults.  Although these measures provide useful summary information
about walking, they
b
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physical-activity based falls intervention programme in community-dwelling older 
adults.  It should be concluded therefore, from the current research, that these 
measures are not suitable for use in such populations as an independent indicator of
fall risk or as an outcome measure for falls prevention interventions.  Whilst the g
of any intervention may be to increase walking speed, and in doing so enhance quali
of life through increased functional mobility, the increase in walking speed per se 
should not be presumed to be a successful outcome for reduced fall risk. 
 
The young adults and the older multiple fallers displayed greater COM-COP 
separation than the non-fallers and single fallers, and greater COM acceleration than 
the non-fallers at heel strike in the sagittal plane.  To initiate a step during walking, 
the COM is accelerated in a forward direction to effectively initiate the start of fall 
forward to take t
 
oal 
ty 
he COM ahead of the base of support, with the fall then averted by 
e safe placement of the swing foot (Winter, 1995a).  Consequently a fall is 
re, 
t 
M 
th
effectively initiated and averted repeatedly throughout gait.  The multiple fallers we
therefore, effectively falling forwards faster than the non-fallers and single fallers a
heel strike.  As slips occurring at heel strike are the most difficult types of slip to 
recover from (Tang and Woollacott, 1998) and a greater distance between the CO
and COP results in larger moment arms for the body weight about joints of the 
supporting limb (Hahn and Chou, 2004), coupled with the age-related decreases in 
muscle strength and power observed in the lower limbs (Lindle et al.  1997; Hurley et 
al.  1998; Pääsuke et al.  2000; Goodpaster et al.  2006; McNeil et al.  2007; Perry et 
al.  2007), these findings indicate less ability to control upright posture in the multiple 
fallers compared to the non-fallers if a perturbation occurred at this phase of the gait 
cycle.  Therefore, the significant difference observed between multiple fallers and 
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non-fallers for COM-COP separation and COM acceleration in the sagittal plane at 
heel strike in this study demonstrates that posturographical measures such as th
of value in studies investigating fall-related as well as age-related differences during 
locomotion.  The implications that can be drawn from this are that these direct 
measures of stability during walking are able to discriminate between non-fallers and 
multiple fallers in otherwise functionally similar older adults. These measures, 
therefore, should be used wherever feasible in preference to simple measu
ese are 
rement of 
mporo-spatial parameters such as walking speed, stride length and stride width. 
 
e 
 
ring of 
ion 
 
s 
te
 
The fifth aim of the thesis was to assess whether there are any differences in dynamic
stability of a 360º standing turn, and the turning strategy adopted, associated with ag
and fall status.   Whilst the test employed has been used previously as an item within
the Berg Balance Scale (Berg et al.  1989) and the Performance Orientated Mobility 
Assessment (Tinetti, 1986), previous work has merely focussed on the monito
basic characteristics of test completion in relation to the number of steps taken and the 
time taken to complete the turn.  The findings and conclusions from this study are 
therefore original and further knowledge through the measurement and considerat
of the COM and COP and the examination of body segment orientations during the 
completion of the turn. 
 
The older multiple fallers took significantly longer to turn 360º, and utilised more 
steps to complete the turn than the young adults.  However, these differences were not
significant between multiple faller and non-faller status in the older adults.  It should 
therefore be concluded that these measures should not be used in attempts to 
distinguish between those at lower and higher risk of falling in screening procedure
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or as outcome measures in interventions with similar participant samples to those us
in the current thesis.  This does not suggest that such basic measures should not be 
recorded, but that in populations such as this, they should be used more as 
descriptions of movement as opposed to indicators of fall likelihood. 
 
The COM was located in a significantly more posterior position when plotted w
respect to the COP in the older adults compared to the young adults at the initiation o
the turn.  These age-related reductions in COM-COP separation have been previou
ed 
ith 
f 
sly 
ported for gait initiation (Martin et al.  2002), and are proposed to be a conservative 
l 
n those individuals who have suffered multiple falls.  
nts 
e other 
re
balance control strategy to compensate for decreased stability in older adults.  The 
conclusion therefore, is that ageing rather than faller status is the most discriminating 
factor in COM-COP separation at turn initiation, mirroring the conclusion from the 
standing balance study.   
 
The multiple fallers had the fastest peak COM velocities in all directions of the older 
adults groups during the turn and the highest peak COM accelerations in the sagitta
plane, despite having the slowest turn time.  Although these differences were not 
found to be significant, there is a strong indication that the control of the COM is 
reduced during turning i
 
Examination of segmental movement of the body identified that all of the participa
demonstrated head yaw as the first movement in the initiation of a 360º turn.  The 
multiple fallers demonstrated a significantly shorter latency between reorientation 
onset of the thorax and the pelvis at the initiation of the turn compared to all th
groups.  Therefore, the conclusion is that multiple fallers exhibit a more en-bloc 
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strategy of turning their thorax and pelvis compared to the other groups, which has 
also been found in samples of other adults with conditions known to be associated 
with heightened fall risk e.g. stroke (Lamontagne et al.  2007) and Parkinso
patients (Huxham et al.  2008).  It should also be concluded that the in
n’s disease 
vestigation of 
orientation of body segments during turning may be an important addition to current 
8.2.2 Further research 
ither open or closed was not challenging 
nough to discriminate between faller groups in this sample.  Further research in this 
ven to 
tandardisation of the thickness and density of any such material and the impact this 
ty 
re
practise for the assessment of fall risk in a variety of both healthy participants and 
specific patient groups. 
 
From the conclusions of this biomechanical study, the following suggestions for 
further research are made. 
 
The 30-second standing test with eyes e
e
important participant group should therefore investigate means to make such simple 
tasks more challenging.  This could be achieved through lengthening the duration of 
the test; adding a secondary or tertiary distraction task e.g. completing the Stroop 
colour-word test; making the task itself more challenging through changing the nature 
of the floor surface e.g. standing on foam (although consideration should be gi
s
would have upon the measured body movements (Patel et al.  2008)).  Of course, the 
development of any such variation should undergo rigorous validation and reliabili
assessment in the population in which it is intended to be used. 
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Conclusions from the walking and turning studies also highlight areas for further 
research using the COM, COP and COM-COP separation variables for both the 
assessment of physical activity intervention efficacy and methodological 
advancement.  Whilst the measures used in this thesis are precise, valid, and reliable, 
they are also expensive and therefore relatively inaccessible.  Although such expense 
may limit their use in clinical settings, they should wherever feasible and practical 
employed as outcome m
be 
easures for intervention studies (e.g. habitual physical activity 
r structured ‘exercise’ interventions).  Further research is warranted using these 
measures as the criterion against which to validate less expensive field measures that 
dity 
obile equipment techniques such as accelerometers to 
stimate COM and pressure mats to estimate COP to determine whether these 
uld 
vestigate different amounts of turn rotation, e.g. 90º, 180º as well as 360º to identify 
whether a specific amount of rotation is most sensitive to the detection of these 
o
could be more commonly employed in clinical settings e.g. assessment of the vali
of less-expensive and more m
e
measures are sensitive enough to detect fall-related differences in COM-COP 
separation during walking. 
 
The COM-COP separation variable is of interest to investigate in other walking 
studies, which may provide useful information about the ability to deal with the 
challenges of locomotion in everyday life.  This variable has already been utilised in 
obstacle crossing (Hahn and Chou, 2004; Lee and Chou, 2006), but could also be 
investigated in studies using variable terrain or during dual-tasking. 
 
The 360º turn showed clear differences in body segment reorientation onset between 
multiple fallers and all other groups at turn initiation.  Further research co
in
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differences.  This could lead to further recommendations about future turning 
protocols.  The mechanism(s) accounting for the “en-bloc” strategy of turning als
need to be identified. 
 
Some of the technical limitations in the data collection processes for the turning study 
also identifies some areas for future research and methodological development.  The 
force plates available for use in the turning study were not of sufficient size that the 
participants could remain on them throughout the turn.  Further research using lar
force plates to assess COM-COP separation throughout the turn may provide 
additional information about dynamic stability during a 360º standing turn, as this was 
beyond the scope of this study. 
 
Finally, in relation to future research proposed from the biomechanics-related 
conclusions, retrospective st
o 
ger 
udies, such as conducted in this thesis, are weaker than 
rospective studies in predicting future falls as differences detected between falls 
 
could 
he conclusions from the physical activity and biomechanical studies also offers 
tire 
p
groups were not detected prior to a fall (Moe-Nilssen et al.  2008).  However, the
differences observed here between the groups in the walking and turning studies 
be investigated in future prospective studies to identify if differentiation in these 
variables is present prior to a fall event having taken place. 
   
T
direction for future research in relation to the future potential identification of 
appropriate fall-prevention physical activity guidelines for stages of and the en
life-course and for the assessment of efficacy of physical activity interventions, e.g. 
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activities that preserve or increase strength in the hip and knee extensors and a
dorsiflexors may help maintain stability during walking. 
 
nkle 
8.3 Concluding statement 
 
e assessment of the benefits of long-term 
dherence to physical activity or as measures of the efficacy of intervention 
d 
or 
8).  The recommendations 
t are fed into a national service framework are based on evidence in four main 
ment 
activity guidelines, offers no increased primary prevention for falls in community 
The aetiology of the majority of falls is multifactorial (Tinetti, 2003), however 
activity-orientated assessments of activities such as walking and turning are still of 
value to evaluate individuals who are more likely to fall during these activities and to
gain a greater understanding of the mechanisms that may contribute to decreased 
stability during these activities.  Therefore, the posturographic variables utilised in 
this thesis are of benefit for future studies investigating dynamic stability and falls in 
older people, and as outcome measures for th
a
programmes for reducing fall risk. 
 
In addition to the generation of original findings and furtherance of academic 
knowledge, the rationale made, the research undertaken, the findings generated an
the conclusions drawn from this programme of research training have some key 
practical considerations and evidence to inform the National Service Framework f
Older People Standard 6 – Falls (Department of Health, 200
tha
areas: primary prevention; tools for early systematic detection of increased risk; 
measures when increased risk is identified; and best practice in clinical manage
and rehabilitation after falls and fractures (Swift, 2001).  In relation to primary 
prevention, the thesis has identified that lifetime adherence to the 2004 physical 
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dwelling, cognitively intact older adults and in doing so supports the revision of the
guidelines to include recommendation to undertake activi
 
ties reported to enhance 
alance, strength and flexibility .  The thesis has also provided research evidence for 
the efficacy of biomechanical tools that could either themselves be used for, or which 
ic 
e 
b
could be used to validate cheaper more practical alternatives, for early systemat
detection of increased fall risk.   The thesis has also identified fall related 
biomechanical variables that are able to discriminate between different faller groups, 
thus being sensitive enough to identify increased fall risk.  Finally, it has also mad
recommendation for the use of these identified measures as more valid and reliable 
outcome measures for fall prevention interventions. 
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Appendix II 
Lifetime Physical Activity and Falls History Questionnaire 
 
For the initial part of my PhD, I am designing a questionnaire to look at the 
amount of physical activity individuals have participated in throughout their 
lifetime, and to investigate whether this is related to falling.  This is the pilot stage 
of the questionnaire, where I am testing the questionnaire to find out how easy it is 
to complete, how long it takes, and whether there are issues concerning any of 
the questions.  I would be very grateful if you could complete the questionnaire 
and then complete the questions on this page about how you found the 
questionnaire. 
 
 
How long approximately did the questionnaire take to complete? 
……………………………………………………………………………………. 
 
Were there any issues or problems with any of the questions? 
………………………………………………………………………………………………
………………………………………………………………………………………………
………………………………………………………………………………………………
………………………………………………………………………………………………
………………………………………………………………………………………………
……………………………… 
 
 
Any other comments? 
………………………………………………………………………………………………
………………………………………………………………………………………………
………………………………………………………………………………………………
………………………………………………………………………………………………
………………………………………………………………………………………………
………………………………………………………………………………………………
…………………… 
 
Thank you. 
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Lifetime Physical Activity and Falls History Questionnaire 
 
Thank you for agreeing to complete this questionnaire.  Your answers will be used 
as data in the first study of my Doctoral thesis and subsequent academic 
publications.  We need as many people over the age of 50/60 to complete the 
questionnaire so if you are aware of any other people in the Worcestershire area 
who may be willing to participate in this section of the data collection it would be 
really helpful if you could put them in touch with us at r.wright@worc.ac.uk or 
(01905) 855531. 
Many thanks again for your decision to complete this questionnaire. 
____________________________________________________________________________ 
 
Q1. Name: ………………………………………………………………………….. 
 
Q2. Age:  …………….. years and ……………….. months 
 
Q3. Please circle your gender: Male  /  Female 
 
Q4. How tall are you? …………. Metres  or ………. Ft ……… ins 
 
Q5. How heavy are you?  …………. Kgs  or ………. St ……… lbs 
 
Q6. What is your current marital status?: ………………………………………... 
 
Q7. Are you, or have you ever been, a smoker?  Yes [  ]  No  [  ] 
 
Q8. Have you ever experienced a loss of balance where you came to rest on the 
ground, against a wall or against a piece of furniture? Yes  [  ]   No  [  ] 
 
If yes: At what age did you first fall?      …… years &  …… months 
 
  Did this first fall cause a fracture?    Yes  [  ]   No  [  ] 
 
  Have you continued to fall regularly since then? Yes  [  ]   No  [  ] 
 
Q9. Have you ever been diagnosed as having osteoporosis? Yes  [  ]   No  [  ] 
 
If yes: At what age was this diagnosed?      …… years &  …… months 
 
 If you would be willing to discuss your answers to the questionnaire in more 
detail, or if you might be interested in the next stage of the research please 
include your contact details below: 
 
Telephone number: ……………….…………………………….…………………... 
House no. & road: ……………………………………………………………….…... 
Town & postcode: …………………………………………………………………… 
Email address here: ………………………@………………………………………... 
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Fear of Falling Questionnaire: 
 
Q10. Are you afraid of falling (please tick)?…………… Yes [   ] No [   ] 
 
Q11. Please rate on a scale from 1 to 10 how confident you feel about doing each 
of the following activities without falling, where 1 = not at all confident and 
10 = completely confident: 
 
Cleaning the house 
 
1 2 3 4 5 6 7 8 9 10 
 
Getting dressed and undressed 
 
1 2 3 4 5 6 7 8 9 10 
 
Preparing simple meals 
 
1 2 3 4 5 6 7 8 9 10 
 
Taking a bath or shower 
 
1 2 3 4 5 6 7 8 9 10 
 
Simple shopping 
 
1 2 3 4 5 6 7 8 9 10 
 
Getting in and out of a chair 
 
1 2 3 4 5 6 7 8 9 10 
 
Going up and down stairs 
 
1 2 3 4 5 6 7 8 9 10 
 
Walking around the neighbourhood
 
1 2 3 4 5 6 7 8 9 10 
 
Reaching into cabinets or closets 
 
1 2 3 4 5 6 7 8 9 10 
 
Hurrying to answer the phone 
 
1 2 3 4 5 6 7 8 9 10 
 
 
 
 216
Physical Activity Intensity examples 
 
Please use the following definitions when answering the following questions in 
order to help you decide the INTENSITY of physical activity you are relating to: 
 
 
 
Moderate intensity includes: 
• walking at a brisk or fast pace;  
• heavy housework;  
• working as a labourer, roofer, or refuse collector;  
• sports and exercises such as football, tennis, swimming, aerobics and 
cycling at a level of effort which would not make an average person sweaty 
or out of breath;  
• heavy DIY;  
• heavy gardening. 
 
 
 
Vigorous intensity includes: 
• Sports and exercises such as squash, running, football, swimming, tennis, 
aerobics and cycling at a level that would make the average person sweaty 
and out of breath;  
• working as miner or forestry worker or any other occupation that involves 
frequent climbing, lifting or carrying of heavy loads. 
 
 
 
Important definitions 
Please use the following definitions when you are recalling your fall/stumble 
history: 
 
A FALL is: 
• a loss of balance resulting in the body, or part of the body, coming to rest 
on the ground. 
 
A STUMBLE is: 
• a loss of balance resulting in the body, or part of the body, coming to rest 
against a wall, a piece of furniture or another object which may have 
prevented a fall.
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During an average week when you were in your 20’s……… 
 
Q12. How many days per week did you accumulate at least 30 minutes of 
Moderate or Vigorous intensity physical activity in your LEISURE TIME 
(please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
------------------------------------------------------------------------------------------------------------- 
Q13. Please list all occupations you were involved in for 4 years or more during 
your 20s……………………………………………………………………………... 
 ………………………………………………………………………………………... 
 
Q14. How many days per week did you accumulate 30 minutes of Moderate 
or Vigorous intensity physical activity in your OCCUPATION (please 
circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
 
Q15. How many days per week did you NOT manage to accumulate 30 
minutes of Moderate or Vigorous intensity physical activity in your 
combined occupational and leisure-time.(please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
       
 
 
Q16. Were you advised by medical staff, e.g. doctor, physiotherapist, to 
participate in more physical activity during your 20’s (please tick)? 
  Yes [   ] No [   ] 
 
Q17. Did you suffer any injuries to your back, pelvis, hips or legs that limited the 
amount of physical activity you could do for longer than one year (please 
tick)?         Yes [   ] No [   ] 
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During an average week when you were in your 30’s……… 
 
Q18. How many days per week did you accumulate at least 30 minutes of 
Moderate or Vigorous intensity physical activity in your LEISURE TIME 
(please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
------------------------------------------------------------------------------------------------------------- 
Q19. Please list all occupations you were involved in for 4 years or more during 
your 30s……………………………………………………………………………... 
 ………………………………………………………………………………………... 
 
Q20. How many days per week did you accumulate 30 minutes of Moderate 
or Vigorous intensity physical activity in your OCCUPATION (please 
circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
 
Q21. How many days per week did you NOT manage to accumulate 30 
minutes of Moderate or Vigorous intensity physical activity in your 
combined occupational and leisure-time.(please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q22. Were you advised by medical staff, e.g. doctor, physiotherapist, to 
participate in more physical activity during your 50’s (please tick)? 
  Yes [   ] No [   ] 
 
Q23. Did you suffer any injuries to your back, pelvis, hips or legs that limited the 
amount of physical activity you could do for longer than one year (please 
tick)?         Yes [   ] No [   ] 
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 During an average week when you were in your 40’s……… 
 
Q24. How many days per week did you accumulate at least 30 minutes of 
Moderate or Vigorous intensity physical activity in your LEISURE TIME 
(please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
------------------------------------------------------------------------------------------------------------- 
Q25. Please list all occupations you were involved in for 4 years or more during 
your 40s……………………………………………………………………………... 
 ………………………………………………………………………………………... 
 
Q26. How many days per week did you accumulate 30 minutes of Moderate 
or Vigorous intensity physical activity in your OCCUPATION (please 
circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
 
Q27. How many days per week did you NOT manage to accumulate 30 
minutes of Moderate or Vigorous intensity physical activity in your 
combined occupational and leisure-time.(please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q28. Were you advised by medical staff, e.g. doctor, physiotherapist, to 
participate in more physical activity during your 50’s (please tick)? 
  Yes [   ] No [   ] 
 
Q29. Did you suffer any injuries to your back, pelvis, hips or legs that limited the 
amount of physical activity you could do for longer than one year (please 
tick)?         Yes [   ] No [   ] 
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During an average week when you were in your 50’s……… 
 
Q30. How many days per week did you accumulate at least 30 minutes of 
Moderate or Vigorous intensity physical activity in your LEISURE TIME 
(please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
------------------------------------------------------------------------------------------------------------- 
Q31. Please list all occupations you were involved in for 4 years or more during 
your 50s……………………………………………………………………………... 
 ………………………………………………………………………………………... 
 
Q32. How many days per week did you accumulate 30 minutes of Moderate 
or Vigorous intensity physical activity in your OCCUPATION (please 
circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
 
Q33. How many days per week did you NOT manage to accumulate 30 
minutes of Moderate or Vigorous intensity physical activity in your 
combined occupational and leisure-time.(please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q34. Were you advised by medical staff, e.g. doctor, physiotherapist, to 
participate in more physical activity during your 50’s (please tick)? 
  Yes [   ] No [   ] 
 
Q35. Did you suffer any injuries to your back, pelvis, hips or legs that limited the 
amount of physical activity you could do for longer than one year (please 
tick)?         Yes [   ] No [   ] 
 
Q36. Did you experience any loss of balance where you came to rest on the 
ground, a wall or piece of furniture in your 50’s? Yes [   ] No [   ] 
If yes, please complete the following falls history questionnaire before 
proceeding to the next decade section on page ?? 
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Falls history questionnaire: 
 
Q37. Did you experience a fall where you came to rest on the ground? 
Yes [   ] No [   ] 
 
If yes, on how many occasions did this occur?  ………………. times 
 
Q38. Did you experience a stumble, which caused you to come to rest against a 
wall or piece of furniture?   Yes [   ] No [   ] 
 
If yes, on how many occasions did this occur?  ………………. times 
 
Q39. Where did you fall (please tick)? 
          How many times? 
Walking indoors   yes [  ]   no [  ]  [     ] 
Getting out of bed  yes [  ]   no [  ]  [     ]    
Getting out of a chair  yes [  ]   no [  ]   [     ] 
Using the shower/bath  yes [  ]   no [  ]  [     ] 
Using the toilet   yes [  ]   no [  ]   [     ] 
Walking up or down stairs yes [  ]   no [  ]   [     ] 
Walking outdoors  yes [  ]   no [  ]   [     ] 
In the garden   yes [  ]   no [  ]   [     ] 
Getting out of a vehicle yes [  ]   no [  ]   [     ] 
On a kerb/ gutter   yes [  ]   no [  ]   [     ] 
In a public building  yes [  ]   no [  ]   [     ] 
In another person’s home yes [  ]   no [  ]   [     ] 
 
Falls or stumbles not described above (please specify)
 …………………………………..……. 
 
Q40. How did you fall or stumble (tick more than one if necessary)? 
      How many times? 
I tripped   [  ]    [     ] 
I slipped   [  ]    [     ] 
I lost my balance  [  ]    [     ] 
My legs gave way [  ]    [     ] 
I felt faint   [  ]    [     ] 
I felt giddy/ dizzy  [  ]    [     ] 
I am not sure  [  ]    [     ] 
 
Q41. What type of injuries did you suffer as a result of these fall/s (tick more than 
one if necessary)? 
None   [  ]  Broken Wrist [  ]  Back Pain  [  ] 
Bruises  [  ]  Broken Hip  [  ]  Any other injury: 
Cuts/ grazes [  ]  Broken Ribs [  ]  ………………………….. 
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During an average week when you were in your 60’s……… 
 
Q42. How many days per week did you accumulate at least 30 minutes of 
Moderate or Vigorous intensity physical activity in your LEISURE TIME 
(please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
------------------------------------------------------------------------------------------------------------- 
Q43. Please list all occupations you were involved in for 4 years or more during 
your 60s……………………………………………………………………………... 
 ………………………………………………………………………………………... 
 
Q44. How many days per week did you accumulate 30 minutes of Moderate 
or Vigorous intensity physical activity in your OCCUPATION (please 
circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
 
Q45. How many days per week did you NOT manage to accumulate 30 
minutes of Moderate or Vigorous intensity physical activity in your 
combined occupational and leisure-time.(please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q46. Were you advised by medical staff, e.g. doctor, physiotherapist, to take 
more physical activity during your 60’s (please tick)? Yes [   ] No [   ] 
 
Q47. Did you suffer any injuries to your back, pelvis, hips or legs that limited the 
amount of physical activity you could do for longer than one year (please 
tick)?         Yes [   ] No [   ] 
 
Q48. Did you experience any loss of balance where you came to rest on the 
ground, a wall or piece of furniture in your 60’s? Yes [   ] No [   ] 
If yes, please complete the following falls history questionnaire before 
proceeding to the next decade section on page ?? 
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Falls history questionnaire: 
 
Q49. Did you experience a fall where you came to rest on the ground? 
Yes [   ] No [   ] 
 
If yes, on how many occasions did this occur?  ………………. times 
 
Q50. Did you experience a stumble, which caused you to come to rest against a 
wall or piece of furniture?   Yes [   ] No [   ] 
 
If yes, on how many occasions did this occur?  ………………. times 
 
Q51. Where did you fall or stumble (please tick)? 
          How many times? 
Walking indoors   yes [  ]   no [  ]  [     ] 
Getting out of bed  yes [  ]   no [  ]  [     ]    
Getting out of a chair  yes [  ]   no [  ]   [     ] 
Using the shower/bath  yes [  ]   no [  ]  [     ] 
Using the toilet   yes [  ]   no [  ]   [     ] 
Walking up or down stairs yes [  ]   no [  ]   [     ] 
Walking outdoors  yes [  ]   no [  ]   [     ] 
In the garden   yes [  ]   no [  ]   [     ] 
Getting out of a vehicle yes [  ]   no [  ]   [     ] 
On a kerb/ gutter   yes [  ]   no [  ]   [     ] 
In a public building  yes [  ]   no [  ]   [     ] 
In another person’s home yes [  ]   no [  ]   [     ] 
 
Falls or stumbles not described above (please specify)
 …………………………………..……. 
 
Q52. How did you fall or stumble (tick more than one if necessary)? 
      How many times? 
I tripped   [  ]    [     ] 
I slipped   [  ]    [     ] 
I lost my balance  [  ]    [     ] 
My legs gave way [  ]    [     ] 
I felt faint   [  ]    [     ] 
I felt giddy/ dizzy  [  ]    [     ] 
I am not sure  [  ]    [     ] 
 
Q53. What type of injuries did you suffer as a result of these fall/s (tick more than 
one if necessary)? 
None   [  ]  Broken Wrist [  ]  Back Pain  [  ] 
Bruises  [  ]  Broken Hip  [  ]  Any other injury: 
Cuts/ grazes [  ]  Broken Ribs [  ]  ………………………….. 
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During an average week when you were in your 70’s……… 
 
Q54. How many days per week did you accumulate at least 30 minutes of 
Moderate or Vigorous intensity physical activity in your LEISURE TIME 
(please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
------------------------------------------------------------------------------------------------------------- 
Q55. Please list all occupations you were involved in for 4 years or more during 
your 70s……………………………………………………………………………... 
 ………………………………………………………………………………………... 
 
Q56. How many days per week did you accumulate 30 minutes of Moderate 
or Vigorous intensity physical activity in your OCCUPATION (please 
circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
 
Q57. How many days per week did you NOT manage to accumulate 30 
minutes of Moderate or Vigorous intensity physical activity in your 
combined occupational and leisure-time.(please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q58. Were you advised by medical staff, e.g. doctor, physiotherapist, to take 
more physical activity during your 70’s (please tick)? Yes [   ] No [   ] 
 
Q59. Did you suffer any injuries to your back, pelvis, hips or legs that limited the 
amount of physical activity you could do for longer than one year (please 
tick)?         Yes [   ] No [   ]Did 
you experience a fall where you came to rest on the ground, a wall or piece 
of furniture in your 70’s (please tick)?  Yes [   ] No [   ] 
 
Q60.  Did you experience any loss of balance where you came to rest on the 
ground, a wall or piece of furniture in your 70’s? Yes [   ] No [    
If yes, please complete the following falls history questionnaire before 
proceeding to the next decade section on page ?? 
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Falls history questionnaire: 
 
Q61. Did you experience a fall where you came to rest on the ground? 
Yes [   ] No [   ] 
 
If yes, on how many occasions did this occur?  ………………. times 
 
Q62. Did you experience a stumble, which caused you to come to rest against a 
wall or piece of furniture?   Yes [   ] No [   ] 
 
If yes, on how many occasions did this occur?  ………………. times 
 
Q63. Where did you fall or stumble (please tick)? 
          How many times? 
Walking indoors   yes [  ]   no [  ]  [     ] 
Getting out of bed  yes [  ]   no [  ]  [     ]    
Getting out of a chair  yes [  ]   no [  ]   [     ] 
Using the shower/bath  yes [  ]   no [  ]  [     ] 
Using the toilet   yes [  ]   no [  ]   [     ] 
Walking up or down stairs yes [  ]   no [  ]   [     ] 
Walking outdoors  yes [  ]   no [  ]   [     ] 
In the garden   yes [  ]   no [  ]   [     ] 
Getting out of a vehicle yes [  ]   no [  ]   [     ] 
On a kerb/ gutter   yes [  ]   no [  ]   [     ] 
In a public building  yes [  ]   no [  ]   [     ] 
In another person’s home yes [  ]   no [  ]   [     ] 
 
Falls not described above (please specify) …………………………………..……. 
 
Q64. How did you fall or stumble (tick more than one if necessary)? 
      How many times? 
I tripped   [  ]    [     ] 
I slipped   [  ]    [     ] 
I lost my balance  [  ]    [     ] 
My legs gave way [  ]    [     ] 
I felt faint   [  ]    [     ] 
I felt giddy/ dizzy  [  ]    [     ] 
I am not sure  [  ]    [     ] 
 
Q65. What type of injuries did you suffer as a result of these fall/s (tick more than 
one if necessary)? 
None   [  ]  Broken Wrist [  ]  Back Pain  [  ] 
Bruises  [  ]  Broken Hip  [  ]  Any other injury: 
Cuts/ grazes [  ]  Broken Ribs [  ]  ………………………….. 
 
Appendix III 
Lifetime Physical Activity and Falls History Questionnaire 
 
Thank you for agreeing to complete this questionnaire.  Your answers will be used 
as data in the first study of my Doctoral thesis and subsequent academic 
publications.  We need as many people over the age of 50/60 to complete the 
questionnaire so if you are aware of any other people in the Worcestershire area 
who may be willing to participate in this section of the data collection it would be 
really helpful if you could put them in touch with us at r.wright@worc.ac.uk or 
(01905) 855513. 
Many thanks again for your decision to complete this questionnaire. 
____________________________________________________________________________ 
 
Q1. Name: ………………………………………………………………………….. 
 
Q2. Age:  …………….. years and ……………….. months 
 
Q3. Please circle your gender: Male  /  Female 
 
Q4. How tall are you? …………. Metres  or ………. Ft ……… ins 
 
Q5. How heavy are you?  …………. Kgs  or ………. St ……… lbs 
 
Q6. What is your current marital status?: ………………………………………... 
 
Q7. What was the highest level of education you attended (please tick)?  
    Secondary [  ]  Further education  [  ]   University [   ] 
 
Q8. Are you, or have you ever been, a smoker?   Yes [  ]  No  [  ] 
 
Q8. Do you use a walking aid, e.g. cane, zimmer frame?  Yes [  ]  No [  ] 
 
Q9. Have you ever been diagnosed as having osteoporosis? Yes  [  ]   No  [  ] 
 
If yes: At what age was this diagnosed?      …… years &  …… months 
 
If you would be willing to discuss your answers to the questionnaire in more detail, 
or if you might be interested in the next stage of the research please include your 
contact details below:  (This is not a definite commitment on your behalf)  
 
Telephone number: ……………….…………………………….……………………. 
House no. & road: …………………………………………………………………... 
    …………………………………………………………………… 
Town & postcode: …………………………………………………………………… 
    …………………………………………………………………… 
Email address here: ………………………@………………………………………... 
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Fear of Falling Questionnaire: 
 
Q10. Are you currently afraid of falling (please tick)?…… Yes [   ] No [   ] 
 
Q11. Please rate on a scale from 1 to 10 (please circle) how confident you feel 
about doing each of the following activities without falling, where 1 = not at 
all confident, 5 = fairly confident and 10 = completely confident: 
 
Cleaning the house 
 
1 2 3 4 5 6 7 8 9 10 
 
Getting dressed and undressed 
 
1 2 3 4 5 6 7 8 9 10 
 
Preparing simple meals 
 
1 2 3 4 5 6 7 8 9 10 
 
Taking a bath or shower 
 
1 2 3 4 5 6 7 8 9 10 
 
Simple shopping 
 
1 2 3 4 5 6 7 8 9 10 
 
Getting in and out of a chair 
 
1 2 3 4 5 6 7 8 9 10 
 
Going up and down stairs 
 
1 2 3 4 5 6 7 8 9 10 
 
Walking around the neighbourhood
 
1 2 3 4 5 6 7 8 9 10 
 
Reaching into cabinets or closets 
 
1 2 3 4 5 6 7 8 9 10 
 
Hurrying to answer the door or 
phone 
1 2 3 4 5 6 7 8 9 10 
 
Walking in icy conditions 1 2 3 4 5 6 7 8 9 10 
 
Getting in/ out of car 1 2 3 4 5 6 7 8 9 10 
 
Using public transport 1 2 3 4 5 6 7 8 9 10 
 
Crossing roads 1 2 3 4 5 6 7 8 9 10 
 
Using front or rear steps at home 1 2 3 4 5 6 7 8 9 10 
 
Picking up an item e.g. a slipper 
from the floor 
1 2 3 4 5 6 7 8 9 10 
 
 
 228
Physical Activity Intensity examples 
 
Please use the following definition when answering the following questions in 
order to help you decide the INTENSITY of physical activity you are relating to: 
 
 
MODERATE intensity includes: 
• walking at a brisk or fast pace;  
• heavy housework;  
• working as a labourer, roofer, farmer, domestic cleaner or refuse collector;  
• sports and exercises such as football, tennis, swimming, aerobics and 
cycling at a level of effort which would not make an average person sweaty 
or out of breath;  
• heavy DIY;  
• heavy gardening. 
 
 
 
------------------------------------------------------------------------------------------------------------- 
During an average week when you were in your 20’s……… 
 
Q12. How many days per week did you accumulate at least 30 minutes of 
Moderate or higher intensity physical activity (during both your LEISURE 
TIME and OCCUPATION) (please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q13. Please state your main occupation(s) during your 20s ………………………. 
…………………………………………………………………………….………….. 
 ………………………………………………………………………………………... 
 
 
Q16. Were you advised by medical staff, e.g. doctor, physiotherapist, to 
participate in more physical activity during your 20’s (please tick)? 
  Yes [   ] No [   ] 
Q17. Did you suffer any injuries to your back, pelvis, hips or legs that limited the 
amount of physical activity you could do for longer than one year in your 20s 
(please tick)?       Yes [   ] No [   ] 
 229
During an average week when you were in your 30’s……… 
 
Q18. How many days per week did you accumulate at least 30 minutes of 
Moderate or higher intensity physical activity (during both your LEISURE 
TIME and OCCUPATION) (please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q19. Please state your main occupation(s) during your 30s ………………………. 
…………………………………………………………………………….………….. 
 ………………………………………………………………………………………... 
 
 
Q20. Were you advised by medical staff, e.g. doctor, physiotherapist, to 
participate in more physical activity during your 30’s (please tick)? 
  Yes [   ] No [   ] 
 
Q21. Did you suffer any injuries to your back, pelvis, hips or legs that limited the 
amount of physical activity you could do for longer than one year in your 30s 
(please tick)?       Yes [   ] No [   ] 
------------------------------------------------------------------------------------------------------------- 
During an average week when you were in your 40’s……… 
 
Q22. How many days per week did you accumulate at least 30 minutes of 
Moderate or higher intensity physical activity (during both your LEISURE 
TIME and OCCUPATION) (please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q23. Please state your main occupation(s) during your 40s ………………………. 
…………………………………………………………………………….………….. 
 ………………………………………………………………………………………... 
 
 
Q24. Were you advised by medical staff, e.g. doctor, physiotherapist, to 
participate in more physical activity during your 40’s (please tick)? 
  Yes [   ] No [   ] 
 
Q25. Did you suffer any injuries to your back, pelvis, hips or legs that limited the 
amount of physical activity you could do for longer than one year in your 40s 
(please tick)?       Yes [   ] No [   ] 
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During an average week when you were in your 50’s……… 
 
Q26. How many days per week did you accumulate at least 30 minutes of 
Moderate or higher intensity physical activity (during both your LEISURE 
TIME and OCCUPATION) (please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q27. Please state your main occupation(s) during your 50s ………………………. 
…………………………………………………………………………….………….. 
 ………………………………………………………………………………………... 
 
 
Q28. Were you advised by medical staff, e.g. doctor, physiotherapist, to 
participate in more physical activity during your 50’s (please tick)? 
  Yes [   ] No [   ] 
 
Q29. Did you suffer any injuries to your back, pelvis, hips or legs that limited the 
amount of physical activity you could do for longer than one year in your 50s 
(please tick)?       Yes [   ] No [   ] 
------------------------------------------------------------------------------------------------------------- 
During an average week when you were in your 60’s……… 
 
Q30. How many days per week did you accumulate at least 30 minutes of 
Moderate or higher intensity physical activity (during both your LEISURE 
TIME and OCCUPATION) (please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q31. Please state your main occupation(s) during your 60s ………………………. 
…………………………………………………………………………….………….. 
 ………………………………………………………………………………………... 
 
 
Q32. Were you advised by medical staff, e.g. doctor, physiotherapist, to 
participate in more physical activity during your 60’s (please tick)? 
  Yes [   ] No [   ] 
 
Q33. Did you suffer any injuries to your back, pelvis, hips or legs that limited the 
amount of physical activity you could do for longer than one year in your 60s 
(please tick)?       Yes [   ] No [   ] 
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During an average week when you were in your 70’s……… 
 
Q34. How many days per week did you accumulate at least 30 minutes of 
Moderate or higher intensity physical activity (during both your LEISURE 
TIME and OCCUPATION) (please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q35. Please state your main occupation(s) during your 70s ………………………. 
…………………………………………………………………………….………….. 
 ………………………………………………………………………………………... 
 
 
Q36. Were you advised by medical staff, e.g. doctor, physiotherapist, to 
participate in more physical activity during your 70’s (please tick)? 
  Yes [   ] No [   ] 
 
Q37. Did you suffer any injuries to your back, pelvis, hips or legs that limited the 
amount of physical activity you could do for longer than one year in your 70s 
(please tick)?       Yes [   ] No [   ] 
------------------------------------------------------------------------------------------------------------- 
During an average week when you were in your 80’s……… 
 
Q38. How many days per week did you accumulate at least 30 minutes of 
Moderate or higher intensity physical activity (during both your LEISURE 
TIME and OCCUPATION) (please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q39. Please state your main occupation(s) during your 80s ………………………. 
…………………………………………………………………………….………….. 
 ………………………………………………………………………………………... 
 
 
Q40. Were you advised by medical staff, e.g. doctor, physiotherapist, to 
participate in more physical activity during your 80’s (please tick)? 
  Yes [   ] No [   ] 
 
Q41. Did you suffer any injuries to your back, pelvis, hips or legs that limited the 
amount of physical activity you could do for longer than one year in your 80s 
(please tick)?       Yes [   ] No [   ] 
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Falls history questionnaire: 
 
Q42. Have you experienced a fall where you came to rest on the ground? 
Yes [   ] No [   ] 
 
If yes, on how many occasions did this occur? 1 [   ]   2-3 [   ]   4-5 [   ] 
More than 5 [   ] 
 
At approximately what age did this first occur? ……………………………. 
 
Q43.Have you experienced a stumble, which caused you to come to rest against 
a wall or piece of furniture?   Yes [   ] No [   ] 
 
If yes, on how many occasions did this occur? 1 [   ]   2-3 [   ]   4-5 [   ] 
More than 5 [   ] 
 
 
Q44. Where did you fall or stumble (please tick)? 
          How many times? 
Walking indoors   yes [  ]   no [  ]  [     ] 
Getting out of bed  yes [  ]   no [  ]  [     ]    
Getting out of a chair  yes [  ]   no [  ]   [     ] 
Using the shower/bath  yes [  ]   no [  ]  [     ] 
Using the toilet   yes [  ]   no [  ]   [     ] 
Walking up or down stairs yes [  ]   no [  ]   [     ] 
Walking outdoors  yes [  ]   no [  ]   [     ] 
In the garden   yes [  ]   no [  ]   [     ] 
Getting out of a vehicle yes [  ]   no [  ]   [     ] 
On a kerb/ gutter   yes [  ]   no [  ]   [     ] 
In a public building  yes [  ]   no [  ]   [     ] 
In another person’s home yes [  ]   no [  ]   [     ] 
In icy conditions   yes [  ]   no [  ]   [     ]  
 
Falls or stumbles not described above (please specify) 
…………………………………..………………………………………………………….
………………………………………………………………………………………………
………………………………………………………………………………………………
……………………………………………………………………………………………… 
 
 
Q45. How did you fall or stumble (tick more than one if necessary)? 
      How many times? 
I tripped   [  ]    [     ] 
I slipped   [  ]    [     ] 
I lost my balance  [  ]    [     ] 
My legs gave way [  ]    [     ] 
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I felt faint   [  ]    [     ] 
I felt giddy/ dizzy  [  ]    [     ] 
I am not sure  [  ]    [     ] 
 
 
Q46. What type of injuries did you suffer as a result of these fall/s (tick more than 
one if necessary)? 
None   [  ]  Broken Wrist [  ]  Back Pain  [  ] 
Bruises  [  ]  Broken Hip  [  ]  Any other injury: 
Cuts/ grazes [  ]  Broken Ribs [  ]  ………………………….. 
  
 
 
Appendix IV 
 
 
 
 
 
 
Lifetime Physical Activity and Falls 
History Questionnaire 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Thank you for agreeing to complete this questionnaire.  Your answers will be used 
as data in the first study of my Doctoral thesis and subsequent academic 
publications.  We need as many people over the age of 50/60 to complete the 
questionnaire so if you are aware of any other people in the Worcestershire area 
who may be willing to participate in this section of the data collection it would be 
really helpful if you could put them in touch with us at r.wright@worc.ac.uk or 
(01905) 855513. 
 
 
 
Many thanks again for your decision to complete this questionnaire. 
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Q1. Name: ………………………………………………………………………….. 
 
Q2. Age:  …………….. years and ……………….. months 
 
Q3. Please circle your gender: Male  /  Female 
 
Q4. How tall are you? …………. Metres  or ………. Ft ……… ins 
 
Q5. How heavy are you?  …………. Kgs  or ………. St ……… lbs 
 
Q6. What is your current marital status?: ………………………………………... 
 
Q7. What was the highest level of education you attended (please tick)?  
    Secondary [  ]  Further education  [  ]   University [   ] 
 
Q8. Are you, or have you ever been, a smoker?   Yes [  ]  No  [  ] 
 
Q8. Do you use a walking aid, e.g. cane, zimmer frame?  Yes [  ]  No [  ] 
 
Q9. Have you ever been diagnosed as having osteoporosis? Yes  [  ]   No  [  ] 
 
If yes: At what age was this diagnosed?      …… years &  …… months 
 
 
If you would be willing to discuss your answers to the questionnaire in more detail, 
or if you might be interested in the next stage of the research please include your 
contact details below:  (This is not a definite commitment on your behalf)  
 
Telephone number: ……………….…………………………….……………………. 
 
House no. & road: …………………………………………………………………... 
    …………………………………………………………………… 
 
Town & postcode: …………………………………………………………………… 
    …………………………………………………………………… 
 
Email address here: ………………………@………………………………………... 
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Fear of Falling Questionnaire: 
 
Q10. Are you currently afraid of falling (please tick)?…… Yes [   ] No [   ] 
 
Q11. Please rate on a scale from 1 to 5 (please circle) how confident you feel 
about doing each of the following activities without falling, where 1 = not at 
all confident, 3 = fairly confident and 5 = completely confident: 
 
Cleaning the house 
 
1 2 3 4 5 
Getting dressed and undressed 
 
1 2 3 4 5 
Preparing simple meals 
 
1 2 3 4 5 
Taking a bath or shower 
 
1 2 3 4 5 
Simple shopping 
 
1 2 3 4 5 
Getting in and out of a chair 
 
1 2 3 4 5 
Going up and down stairs 
 
1 2 3 4 5 
Walking around the neighbourhood 
 
1 2 3 4 5 
Reaching into cabinets or closets 
 
1 2 3 4 5 
Hurrying to answer the door or 
phone 
1 2 3 4 5 
Walking in icy conditions 1 2 3 4 5 
 
Getting in/ out of car 1 2 3 4 5 
 
Using public transport 1 2 3 4 5 
 
Crossing roads 1 2 3 4 5 
 
Using front or rear steps at home 1 2 3 4 5 
 
Picking up an item e.g. a slipper 
from the floor 
1 2 3 4 5 
 
Other (please specify)……………... 
………………………………………...
1 2 3 4 5 
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Physical Activity Intensity examples 
 
Please use the following definition when answering the following questions in 
order to help you decide the INTENSITY of physical activity you are relating to: 
 
 
MODERATE intensity includes: 
• walking at a brisk or fast pace;  
• heavy housework;  
• working as a labourer, roofer, farmer, domestic cleaner or refuse collector;  
• sports and exercises such as football, tennis, swimming, aerobics and 
cycling at a level of effort which would not make an average person sweaty 
or out of breath;  
• heavy DIY;  
• heavy gardening. 
 
 
 
------------------------------------------------------------------------------------------------------------- 
During an average week when you were in your 20’s……… 
 
Q12. How many days per week did you accumulate at least 30 minutes of 
Moderate or higher intensity physical activity (during both your LEISURE 
TIME and OCCUPATION) (please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q13. Please state your main occupation(s) during your 20s ………………………. 
…………………………………………………………………………….………….. 
 ………………………………………………………………………………………... 
 
 
Q16. Were you advised by medical staff, e.g. doctor, physiotherapist, to 
participate in more physical activity during your 20’s (please tick)? 
  Yes [   ] No [   ] 
Q17. Did you suffer any injuries to your back, pelvis, hips or legs or any disease 
that limited the amount of physical activity you could do for longer than one 
year in your 20s (please tick)?    Yes [   ] No [   ] 
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During an average week when you were in your 30’s……… 
 
Q18. How many days per week did you accumulate at least 30 minutes of 
Moderate or higher intensity physical activity (during both your LEISURE 
TIME and OCCUPATION) (please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q19. Please state your main occupation(s) during your 30s ………………………. 
…………………………………………………………………………….………….. 
 ………………………………………………………………………………………... 
 
 
Q20. Were you advised by medical staff, e.g. doctor, physiotherapist, to 
participate in more physical activity during your 30’s (please tick)? 
  Yes [   ] No [   ] 
 
Q21. Did you suffer any injuries to your back, pelvis, hips or legs or any disease 
that limited the amount of physical activity you could do for longer than one 
year in your 30s (please tick)?    Yes [   ] No [   ] 
------------------------------------------------------------------------------------------------------------- 
During an average week when you were in your 40’s……… 
 
Q22. How many days per week did you accumulate at least 30 minutes of 
Moderate or higher intensity physical activity (during both your LEISURE 
TIME and OCCUPATION) (please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q23. Please state your main occupation(s) during your 40s ………………………. 
…………………………………………………………………………….………….. 
 ………………………………………………………………………………………... 
 
 
Q24. Were you advised by medical staff, e.g. doctor, physiotherapist, to 
participate in more physical activity during your 40’s (please tick)? 
  Yes [   ] No [   ] 
 
Q25. Did you suffer any injuries to your back, pelvis, hips or legs or any disease 
that limited the amount of physical activity you could do for longer than one 
year in your 40s (please tick)?    Yes [   ] No [   ] 
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During an average week when you were in your 50’s……… 
 
Q26. How many days per week did you accumulate at least 30 minutes of 
Moderate or higher intensity physical activity (during both your LEISURE 
TIME and OCCUPATION) (please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q27. Please state your main occupation(s) during your 50s ………………………. 
…………………………………………………………………………….………….. 
 ………………………………………………………………………………………... 
 
 
Q28. Were you advised by medical staff, e.g. doctor, physiotherapist, to 
participate in more physical activity during your 50’s (please tick)? 
  Yes [   ] No [   ] 
 
Q29. Did you suffer any injuries to your back, pelvis, hips or legs or any disease 
that limited the amount of physical activity you could do for longer than one 
year in your 50s (please tick)?    Yes [   ] No [   ] 
------------------------------------------------------------------------------------------------------------- 
During an average week when you were in your 60’s……… 
 
Q30. How many days per week did you accumulate at least 30 minutes of 
Moderate or higher intensity physical activity (during both your LEISURE 
TIME and OCCUPATION) (please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q31. Please state your main occupation(s) during your 60s ………………………. 
…………………………………………………………………………….………….. 
 ………………………………………………………………………………………... 
 
 
Q32. Were you advised by medical staff, e.g. doctor, physiotherapist, to 
participate in more physical activity during your 60’s (please tick)? 
  Yes [   ] No [   ] 
 
Q33. Did you suffer any injuries to your back, pelvis, hips or legs or any disease 
that limited the amount of physical activity you could do for longer than one 
year in your 60s (please tick)?    Yes [   ] No [   ] 
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During an average week when you were in your 70’s……… 
 
Q34. How many days per week did you accumulate at least 30 minutes of 
Moderate or higher intensity physical activity (during both your LEISURE 
TIME and OCCUPATION) (please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q35. Please state your main occupation(s) during your 70s ………………………. 
…………………………………………………………………………….………….. 
 ………………………………………………………………………………………... 
 
 
Q36. Were you advised by medical staff, e.g. doctor, physiotherapist, to 
participate in more physical activity during your 70’s (please tick)? 
  Yes [   ] No [   ] 
 
Q37. Did you suffer any injuries to your back, pelvis, hips or legs or any disease 
that limited the amount of physical activity you could do for longer than one 
year in your 70s (please tick)?    Yes [   ] No [   ] 
------------------------------------------------------------------------------------------------------------- 
During an average week when you were in your 80’s……… 
 
Q38. How many days per week did you accumulate at least 30 minutes of 
Moderate or higher intensity physical activity (during both your LEISURE 
TIME and OCCUPATION) (please circle)? 
 
0 
days 
1 
day 
2 
days 
3 
days 
4 
days 
5 
days 
6 
days 
7 
days 
 
Q39. Please state your main occupation(s) during your 80s ………………………. 
…………………………………………………………………………….………….. 
 ………………………………………………………………………………………... 
 
 
Q40. Were you advised by medical staff, e.g. doctor, physiotherapist, to 
participate in more physical activity during your 80’s (please tick)? 
  Yes [   ] No [   ] 
 
Q41. Did you suffer any injuries to your back, pelvis, hips or legs or any disease 
that limited the amount of physical activity you could do for longer than one 
year in your 80s (please tick)?    Yes [   ] No [   ] 
 241
Falls history questionnaire: 
 
Please use the following definitions when you are recalling your falls/stumble 
history: 
 
A FALL is: 
• a loss of balance resulting in the body, or part of the body, coming to rest 
on the ground. 
 
A STUMBLE is: 
• a loss of balance resulting in the body, or part of the body, coming to rest 
against a wall, a piece of furniture or another object which may have 
prevented a fall. 
------------------------------------------------------------------------------------------------------------- 
 
Q42. Have you experienced a fall where you came to rest on the ground? 
Yes [   ] No [   ] 
 
If yes, on how many occasions did this occur? 1 [   ]   2-3 [   ]   4-5 [   ] 
More than 5 [   ] 
 
At approximately what age did this first occur? ……………………………. 
 
Q43.Have you experienced a stumble, which caused you to come to rest against 
a wall or piece of furniture?   Yes [   ] No [   ] 
 
If yes, on how many occasions did this occur? 1 [   ]   2-3 [   ]   4-5 [   ] 
More than 5 [   ] 
 
 
Q44. Where did you fall or stumble (please tick)? 
          How many times? 
Walking indoors   yes [  ]   no [  ]  [     ] 
Getting out of bed  yes [  ]   no [  ]  [     ]    
Getting out of a chair  yes [  ]   no [  ]   [     ] 
Using the shower/bath  yes [  ]   no [  ]  [     ] 
Using the toilet   yes [  ]   no [  ]   [     ] 
Walking up or down stairs yes [  ]   no [  ]   [     ] 
Walking outdoors  yes [  ]   no [  ]   [     ] 
In the garden   yes [  ]   no [  ]   [     ] 
Getting out of a vehicle yes [  ]   no [  ]   [     ] 
On a kerb/ gutter   yes [  ]   no [  ]   [     ] 
In a public building  yes [  ]   no [  ]   [     ] 
In another person’s home yes [  ]   no [  ]   [     ] 
In icy conditions   yes [  ]   no [  ]   [     ]  
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Falls or stumbles not described above (please specify) 
…………………………………..………………………………………………………….
………………………………………………………………………………………………
………………………………………………………………………………………………
……………………………………………………………………………………………… 
 
 
Q45. How did you fall or stumble (tick more than one if necessary)? 
      How many times? 
I tripped   [  ]    [     ] 
I slipped   [  ]    [     ] 
I lost my balance  [  ]    [     ] 
My legs gave way [  ]    [     ] 
I felt faint   [  ]    [     ] 
I felt giddy/ dizzy  [  ]    [     ] 
I am not sure  [  ]    [     ] 
 
 
Q46. What type of injuries did you suffer as a result of these fall/s (tick more than 
one if necessary)? 
None   [  ]  Broken Wrist [  ]  Broken Ankle [  ] 
Bruises  [  ]  Broken Hip  [  ]  Back Pain  [  ] 
Cuts/ grazes [  ]  Broken Ribs [  ]   
 
 Any other injury: ………………………………………………………………………… 
…………………………………………………………………………………………….. 
 
 
Appendix V 
Physical activity questionnaire data 
 
 
Participants achieving the physical activity recommendations in each decade 
Decade Yes No 
20s 67.5 32.5 
30s 71.7 28.3 
40s 66.5 33.5 
50s 60.0 40.0 
60s 50.0 50.0 
70s 43.7 56.3 
80s 38.2 61.8 
Lifetime 29.9 70.1 
 
 
 
Males and females achieving the physical activity recommendations 
Decade Males Females 
20s 62.8 69.1 
30s 57.7 76.4 
40s 59 69 
50s 57.1 60.9 
60s 43.8 51.6 
70s 35 46.5 
80s 37.5 38.5 
Lifetime 30.8 29.7 
 
 
Percentage of non-fallers and fallers achieving the recommended amount of physical 
activity for each decade and across the lifetime 
Decade Non-Fallers Fallers 
20s 67 68 
30s 67 73.4 
40s 69.3 65.2 
50s 66.3 57.8 
60s 53.2 48.5 
70s 42.5 44.1 
80s 60 34.5 
Lifetime 38.6 26.7 
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Appendix VI 
 
Health Questionnaire 
 
Note: The purpose of this questionnaire is to find out about your health before you 
take part in laboratory testing.  It is important that you answer all questions 
truthfully, and as completely as possible.  All information given will be treated 
in confidence.  Please tick the appropriate box for each question, adding 
written comments as requested. 
 
Name: …………………………………………………. Age ……………….. 
 
 
 Yes No 
1. Have you ever suffered from any form of heart complaint?       
 
 
 Yes No 
2. In the past month, have you had chest pain without doing        
physical activity?       
 
 
 
3. Have you ever suffered from: 
                  Yes No 
Asthma    
Diabetes    
Bronchitis    
Epilepsy    
High blood pressure    
Low blood pressure    
Any other condition I may need to know about    
 
 If yes, give brief details: 
 
 
 
 
 
 Yes No 
4. Are you taking any form of medication?       
 
 If yes, give brief details: 
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Appendix VI 
 Yes No 
5. Do you have a muscle or joint injury?       
 
 If yes, give brief details: 
 
 
 
 
  
 Yes No 
6. Do you experience dizziness or have you ever        
lost consciousness during everyday tasks?       
 
 
 
 Yes No 
7. Are you fitted with a pacemaker?       
 
 
 
 Yes No 
8. Do you suffer from any allergies or skin complaints?       
 
If yes, give brief details: 
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Appendix VII 
Informed Consent Form 
 
1. The purpose of this study is to analyse movement and balance during tasks of 
everyday living, and to investigate whether this is related to the risk of falling.  
For this study, you will be required to attend one laboratory testing session, 
and to complete regular questions on any fall occurrence for a further 12 
months.  During the laboratory session, you will be required to have small 
markers attached to your skin or clothing using sticky tape.  It is important for 
you to realise that you may stop when you wish because of feelings of 
unbalance, dizziness or any other discomfort. 
 
2. Any discomfort and risks attendant to the procedures are to the best of my 
knowledge short-term and minimal.  There is a slight risk of reddening of the 
skin occurring in reaction to the sticky tape.  Trained first aid personnel are 
available to deal with unusual situations that may arise. 
 
3. Any questions about the procedures used in the laboratory or the results of 
your test are encouraged.  If you have any concerns or questions, please ask us 
for further explanations. 
 
4. The information that is obtained during testing will be treated as privileged 
and confidential.  It is not to be released or revealed to any person without 
your written consent.  The information obtained, however, may be used for 
statistical analysis or scientific purposes with your right to privacy retained. 
 
5. I hereby consent to voluntarily engage in motion analysis and balance testing.  
My permission to perform these tests is given voluntarily.  I understand that I 
am free to withdraw from this study at any time, if I desire. 
 
 
I have read this form, and I understand the test procedures that I will perform and the 
attendant risks and discomforts.  Knowing these risks and discomforts, and having 
had an opportunity to ask questions that have been answered to my satisfaction, I 
consent to participate in this study. 
 
 
Name: .............................................................. 
 
 
Signed: ..........................................................… Date: .......................……… 
 
 
 
Exercise Scientist: ....................................……………… 
 
 
Signed: ............................................................….. Date: .........................……. 
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Laboratory set-up 
 
Figure showing the camera positions (orange), the capture volume used (purple 
square) and the two force plates (yellow).  (NB. The numbers reflect the identity of 
the cameras within the Vicon system, not the number of cameras). 
 
 
 
 
Photo of the laboratory 
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Marker placement 
 
Retro-reflective spheres were attached using double sided tape or prefabricated head 
and wrist bands on the following anatomical landmarks: 
• LFHD Left Front Head 
• RFHD Right Front Head 
• LBHD Left Back Head 
• RBHD Right Back Head 
• LSHO Left Shoulder 
• RSHO Right Shoulder 
• CLAV Clavicle 
• STRN Sternum 
• C7  7th Cervical Vertebrate  
• T10 10th Thoracic Vertebrate 
• RBAK Right Back 
• LUPA Left Upper Arm  
• RUPA Right Upper Arm  
• LELB Left Elbow 
• RELB Right Elbow 
• LFRA Left Forearm 
• RFRA Right Forearm 
• LWRA Left Wrist A 
• LWRB Left Wrist B 
• RWRA Right Wrist A 
• RWRB Right Wrist B 
• LFIN Left Finger 
• RFIN Right Finger 
• LASI Left Anterior Suprailiac 
• RASI Right Anterior Suprailiac 
• LPSI Left Posterior Suprailiac 
• RPSI Right Posterior Suprailiac 
• RHIP Right Hip (additional to PiG – purely to help with asymmetry) 
• LTHI Left Thigh (attached on wand) 
• RTHI Right Thigh (attached on wand) 
• LKNE Left Knee 
• RKNE Right Knee 
• LTIB Left Tibia (attached on wand) 
• RTIB Right Tibia (attached on wand) 
• LANK Left Ankle 
• RANK Right Ankle 
• LHEE Left Heel 
• RHEE Right Heel 
• LTOE Left Toe 
• RTOE Right Toe 
• LMT5 Left 5th Metatarsal (additional to PiG) 
• RMT5 Right 5th Metatarsal (additional to PiG) 
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And for the static trial the following markers were also required to assist with 
calculations of subject measurements: 
• LKNEI Left Internal Knee 
• RKNEI Right Internal Knee 
• LANKI Left Internal Ankle 
• RANKI Right Internal Ankle 
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The generation of surrogate data prior to filtering the data 
 
Due to the nature of the data collection, there were points in the trial where markers 
could be obscured, e.g. a thigh marker could be obscured by arm swing during 
walking.  Within the Vicon software, it is accepted practice to fill in gaps up to 1/10th 
of a second (6 frames at 60 Hz) using a spline fitting algorithm.  However, gaps of 
greater than 6 frames were not filled, leading to gaps in the COM data when COM 
was determined based on the positions of these markers.   
 
Gaps in the data can create issues when a digital filter is applied: the filter takes in 
information across a large window of data points, and this can generate artefacts in 
the data that spread beyond the original gap as the filter attempts to deal with the 
sudden discontinuity in the data. Depending on the characteristics of the filter, the 
data artefacts can be simple deflections in the data values (see figure IX.1), or as 
extreme as large oscillations, or ‘ringing’, that extends out to either side of the data 
gap (green area). 
 
Figure IX.1. Raw (red) and filtered (blue) data around a data gap (green area) 
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To minimise the likelihood of filter artefacts contaminating the measured data values, 
surrogate data was created using a spline interpolant in the data gaps prior to filtering.  
This reduced the ringing effect in the filtered data (figure IX.2).  This filtered data 
could subsequently be exported into Excel along side a data file identifying which 
was the recorded data and which was the surrogate data.  This allowed the surrogate 
data to be removed prior to data analysis so that only actual data went into this 
process.  The use of a spline interpolate to bridge the data gap allows the data points 
either side of the gap to be useable and not distorted by the filtering process. 
 
 
 
Figure IX.2. Raw (red) and filtered (blue) data using surrogate data through the data 
gap (green area) 
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Establishing the start and end of a turn from quiet standing 
 
Participants were asked to initiate a turn from a quiet standing position. This 
introduces a problem in analysing the data of correctly identifying the initiation point 
of the turn manoeuvre.  This is particularly difficult from a quiet standing position as 
the participant will naturally oscillate around a fixed position. 
 
The simplest approach to isolating only the turn data is to set a threshold, either in 
position or rotational speed and only analyse data outside this threshold. However, 
optimum thresholds will be different for different participants and in all cases it will 
discard data that is part of the actual turn event. 
 
To overcome these difficulties, the approach used was to identify the turn as 
consisting of a single continuous, rotational movement in one direction.  This 
approach lends itself well to entirely objective isolation of the “turn” segment of the 
data by relatively simple mathematical analysis. 
 
The starting data is a trace of body segment (e.g. head yaw) angle against time (figure 
X.1). 
θ
t
 
Figure X.1. Example head yaw data against time 
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From this the instantaneous rotation rate of the body segment is calculated, as shown 
in figure X.2. Continuous sections of data above or below zero correspond to 
continuous movement in one direction, with the zero crossings representing stationary 
points in the body segment movement. 
 
dθ
t
dt
 
Figure X.2. Angular velocity of a segment 
 
Given the nature of the measurement, an assumption can be made, that the greatest 
rotational velocity should be reached during the actual turn event. This is easily 
located as shown in figure X.3. 
dθ
dt
Max
 
Figure X.3. Angular velocity of a segment, with the point of maximal velocity 
indicated 
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Once the maximum point is located, the area of interest in the data can be expanded to 
identify the start and end of the turn (the transition to and from continuous rotation in 
single direction; zero crossings; figure X.4).  
 
dθ
t
dt
Max
 
Figure X.4. Angular velocity of a segment, with the zero crossings pre and post the 
position of maximal velocity. 
 
Once the bounding points are located the data that corresponds only to the turn event 
can be isolated for analysis (figure X.5). 
dθ
t
dt
Max
 
Figure X.5. The isolated area of rotational velocity of a segment that corresponds to 
the turn event 
 
 
This allowed turn time to be determined, and the onset of reorientation and the 
sequencing of the body segments to be identified. 
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Body segment turn onset data 
 
 
Body segment turn onset latencies at turn initiation expressed as time and percentage 
of turn time for the participant groups *indicates a significant difference from the 
multiple fallers 
 Young Adults Non-fallers Single fallers Multiple fallers 
Thorax latency 
with respect to 
head (s) 
0.10 ± 0.08 0.14 ± 0.08 0.13 ± 0.07 0.13 ± 0.14 
Thorax latency 
with respect to 
head(% of turn 
time) 
2.16 ± 1.35 2.81 ± 1.29 2.81 ± 1.59 2.62 ± 2.51 
Pelvis latency 
with respect to 
head (s) 
0.14 ± 0.09 0.19 ± 0.09 0.17 ± 0.08 0.15 ± 0.13 
Pelvis latency 
with respect to 
head (% of turn 
time) 
3.15 ± 1.57 3.69 ± 1.41 3.69 ± 1.83 2.91 ± 2.37 
Pelvis latency 
with respect to 
thorax (s) 
0.04 ± 0.02* 0.05 ± 0.02* 0.04 ± 0.03* 0.02 ± 0.01 
Pelvis latency 
with respect to 
thorax (% of 
turn time) 
0.98 ± 0.35* 0.93 ± 0.35* 0.90 ± 0.61* 0.36 ± 0.28 
Foot off latency 
with respect to 
head (s) 
0.37 ± 0.13 0.39 ± 0.15 0.43 ± 0.09 0.49 ± 0.20 
Foot off latency 
with respect to 
head (% of turn 
time) 
9.53 ± 2.95 7.97 ± 2.88 9.81 ± 1.55 9.63 ± 3.41 
Foot off latency 
with respect to 
thorax (s) 
0.27 ± 0.08 0.26 ± 0.12 0.32 ± 0.08 0.34 ± 0.14 
Foot off latency 
with respect to 
thorax (% of 
turn time) 
6.90 ± 2.03 5.19 ± 2.38 7.48 ± 2.07 6.91 ± 2.61 
Foot off latency 
with respect to 
pelvis (s) 
0.23 ± 0.08 0.21 ± 0.11* 0.29 ± 0.09 0.31 ± 0.11 
Foot off latency 
with respect to 
pelvis (% of turn 
time) 
5.97 ± 2.00 4.26 ± 2.37 6.68 ± 2.32 6.40 ± 2.45 
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